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Corn is one of American agriculture's greatest success stories, where we have witnessed
incredible increases in yield potential over the last half-century. However, abiotic stress is still
the primary limiting factor preventing plants from reaching their true yield potential. In addition,
agriculture is not exempt from the deleterious effects of changing weather patterns and the
altered climate our world will face as time progresses. Thus, increasing our understanding of
how crops interact with their environment both above and below the soil will be crucial to
increasing production on a global scale while maximizing profitability at a local level. Five
studies were carried out to quantify the relationship between corn and multiple abiotic factors,
including temperature, moisture, and nitrogen. In study one, Corn seed germination as a function
of temperature was quantified, and the effects were compared between soybean and cotton, both
major agronomic crops in Mississippi. Study two determined the effects of osmotic stress on
corn seed germination, and commercial corn hybrids' variability was explored. In study three,
functional relationships between temperature and early season growth and development were
quantified, and the concept of a simple mathematical model for predicting growth as a function
of temperature was explored. Study four exemplified the effects of increasing waterlogging

durations from 0 to 14 days and determined critical limits for above and below-ground growth.
Finally, in study five, growth, development, and physiology were determined as a function of
nitrogen concentration. In addition, optimum concentrations to maximize vigor were estimated.
Data generated from these studies exemplify how abiotic stress significantly affects corn during
germination and early season growth and development. These datasets will be valuable
foundations to build on as we explore how abiotic stress affects all growth stages of corn and
other important agronomic crops. Functional relationships generated from these studies will be
useful to update crop simulation models. Both simple and complex mathematical models have
promising implications in emerging and developing precision and predictive agricultural
technologies.
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CHAPTER I
GENERAL INTRODUCTION
Agriculture is the world’s original and most important industry. This thousands of years
old ritual allowed early humans to escape the hunter-gatherer cycle, freeing up human capital to
pursue other prosperous endeavors. Just as it benefitted these early civilizations, modern
advancements in agricultural production and efficiency have provided the food, fiber, and energy
needed to support a growing global population and provide an upward spiral to prosperity for
those involved. Thanks to breakthroughs in plant breeding, plant nutrition, and agronomic
management practices, modern agriculture has rapidly advanced to feed an exponentially
growing population.
Agriculture is also one of the most productive sectors of the United States’(US) economy
following the conspicuous success of American producers achieving dramatic increases in output
over recent years. However, it is not a safe assumption to consider US crop production in a selfsustaining, steady state (National Academies of Sciences and Medicine, 2019). First, agriculture
in the US is now faced with an increasingly fragile natural resource base, as groundwater and
fertile soil are finite resources. Global economics and geopolitical affairs have further led to
increasing instability in the supply and pricing of farm inputs and outputs. Secondly, agricultural
systems are increasingly stressed by changing weather patterns (Ouyang et al., 2020) and an
increasing frequency of extreme weather events (Walthall et al., 2013). Additionally, a changing
climate is expected to alter growing conditions in all world regions as we move into the future
1

(Masson-Delmotte et al.,). Therefore, research at the nexus of crop production, environmental
impacts, and agricultural technology is needed to fortify agricultural production in the United
States into the future.
Corn
Through both ancient and modern times, corn has been one of the biggest success stories
of agriculture. Often used interchangeably with the term maize in the western world, this crop
has played a pivotal role in the evolution of the agricultural industry. Likewise, agriculture is one
of the United States’ best success stories, and corn production lies at the heart of the American
agricultural industry.
Maize is believed to be one of the first plants to become domesticated by humans, with
estimates suggesting the plant was first cultivated between 7000 and 10,000 years ago. Many
researchers consider maize a descendent of the wild grass species, Zea teosinte. Although, this
plant differs significantly from modern maize. Over time, early humans transformed the wild
species into a plant with larger cobs and more kernels to provide a stable food source (Ranum et
al., 2014). The exact origins of maize are of great debate, but many archeological scholars
suggest the crop originated in Mexico. Additional theories suggest the Himalayas in Asia or the
high Andes in South America as possible origins as well. (Piperno and Flannery, 2001; Smith,
2001) Following the theory of maize originating in Mexico, indigenous tribes of Central America
would have been responsible for distributing the plant throughout North and South America.
European explorers eventually discovered the species and delivered it back to Europe. From
there, trade routes worldwide provided access to the crop (Ranum et al., 2014).
Biologically, maize follows the C4 photosynthesis pathway and is a member of the
Poaceae family (Wijewardana et al., 2015). Corn is the second most widely grown crop in
2

acreage. Nevertheless, total grain production far exceeds other grain crops due to the high yields
provided by the crop. In 2020-21, the USDA NASS reported an estimated 1,123 MMT of corn
was produced on approximately 198.75 million hectares of land USDA-NASS. 2019). This
resulted in an average yield of 5.65 MT ha-1. The United States is the global leader in corn
production, leading in yield and total production. In 2020-21, the US produced 32% of the global
corn supply on just 16.75% of the global acreage with an average yield of 10.76 MT ha-1. Within
the United States, average corn yields by state ranged from 85 to 220 bu acre-1 during the 2019
growing season. Specifically, in Mississippi, 660,000 acres of corn were sown in 2019 and
produced an average of 185 bu ac-1 (USDA-NASS. 2019).
Corn yields are at their highest point in history thanks to incredible advancements in plant
breeding and agricultural management. Since the 1940s, average yields in the United States have
increased over eight-fold (National Academies of Sciences and Medicine, 2019). However, these
incredible yield advancements have not been witnessed globally, and yields vary spatially within
the United States. Corn production extends over a vast geographic area worldwide, ranging in
latitude from 58 N to 40 S and in elevation from below sea level to over 3000m (Ali et al., 2018).
With such widespread production, corn crops experience incredible variation in environmental
conditions. The variation in these environmental, or abiotic, conditions significantly limits corn
productivity. Considering the world’s average corn yields are much lower than the United States
and even more so than the highest yields observed in some regions of the United States, it can be
assumed that much of the global corn production occurs under conditions exterior to the plant’s
optimum preference.

3

Corn Growth and Development
Corn morphological growth and physiological development can be divided into two
major categories: vegetative and reproductive stages. Corn growth begins with seed germination,
initiating the plant's transition from a dormant embryo (Walne et al., 2020). This process starts
with the imbibition of soil moisture and culminates with radicle emergence. The VE growth
stage is achieved as the plant embryo emerges from the soil (emergence). Subsequent vegetative
stages are numerically described, such as V1, V2, Vn…, depending on the number of leaves with
a leaf sheath collar developed. As corn growth progresses from V1, with one visible leaf collar,
to V6, with six visible leaf collars, the plant's growing point remains below the soil surface. Corn
is particularly vulnerable to flooding during this stage (Walne and Reddy, 2021). The growth and
development of corn plants during these early season growth stages are the foundation of a
successful crop. Above ground, plants are establishing their capacity to produce a carbon source.
Below the soil surface, plants extend their root systems to enhance the water and nutrient uptake
capacity needed throughout the entire growing season.
Following the V6 stage, the growing point of corn rises above the soil surface, and rapid
stem elongation begins. Water and nutrient demand increases following the rapid growth of the
plant. From this growth stage through tasseling, or VT, nutrient uptake peaks and deficiency can
restrict leaf growth and cause stress in the plant (Bender et al., 2012). The VT growth stage is
officially reached when the last branch of the tassel is visible (Ransom and Endres, 2020).
Plants officially transition into reproductive growth stages, beginning with R1 as the
plant silks become visible at the end of the ear. Subsequent reproductive stages, blister (R2),
milk (R3), dough (R4), and dent (R5), involve the plant filling pollinated grain with a carbon
source and are critical to the plant achieving its yield potential. Physiological maturity, R6,
4

occurs as all kernels have attained their maximum dry weight and a starch line has advanced to
the kernel tip. This final growth stage can often be identified by a black later at the kernel tip
(Ransom and Endres, 2020).
Yield Equation and Gap
Agricultural yield can be explained as a function of the interaction of genetics, the
environment, and the management practices producers implement. The yield gap can be
described as the difference between the potential yield and the actual yield achieved in a field.
Potential yield is defined as “the yield of a cultivar when grown in environments to which it is
adapted; with nutrients and water not limiting; and with pests, diseases, weeds, and other stresses
effectively controlled” (Evans and Fisher, 1999). Although tremendous improvement has been
made over the past 50 years in corn yield, most of these increases are credited to improving
potential yield through breeding and improved management. Despite these tremendous
improvements made in yield potential, research has suggested that there has been little closing of
the yield gap over the same time (Hatfield and Walthall, 2015).
Agricultural production is a direct product of the environment in which a crop is grown.
Even under the best crop husbandry, environmental constraints limit plants from reaching their
true genetic potential. Plants, being sessile, are at the mercy of whatever conditions nature
brings. Increasing yield potential while simultaneously not improving the response of crops to
environmental factors at the same rate has led to an increase in the volatility of our achieved
yields.
For example, if soil moisture restricts corn yield by 10% in a given year and the crop's
potential yield is 100 bushels, soil moisture can be credited with reducing the actual yield by 10
bushels. However, if the yield potential is increased to 200 bushes under the same scenario, soil
5

moisture would be credited with reducing the actual yield by 20 bushels. Overall production
increases from 90 to 180 bushels in this scenario, but the yield gap increases from 10 to 20
bushels.
Research has indicated the importance of closing the yield gap and suggests this goal as
an effective way to increase production at the global level while also increasing profitability at
the farm level (Hatfield and Walthall, 2015). In order to make the best management decisions, it
is vital to develop a deep and systemic understanding of how environmental factors affect crop
growth. Thus, focusing research on the effects of environmental variables on crop plants and the
interaction of plant genetics and the environment will provide valuable information to assist with
the selection of the best genetic material and making the best management decisions to maximize
the realized yield on farms and strive at achieve the true yield potential of our crops.
Abiotic Stress
Compared to others, one of the unusual aspects of the agricultural industry is the
uniqueness of every operation and every growing season. Weather conditions vary spatially and
temporally, and despite loosely predictable trends, the environmental conditions a crop endures
are always at the mercy of nature. In the field, plants are subjected to many stresses
simultaneously; thus, the impact of single stress is hard to isolate. Furthermore, environmental
stresses impact plants multiplicatively, not additively (Reddy et al., 2015); and every
environmental variable impacts a plant differently with a different magnitude. Consequently,
understanding and predicting the effects of the environment is a complicated and dynamic feat.
In addition to the expected variability, changes in overall weather patterns are expected to
occur in the future. For example, extreme weather events have been observed over recent years
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(Bailey-Serres et al., 2012). These changes can further exacerbate and complicate the
relationship between the environment and agronomic crop production.
Temperature, even within a plant’s optimum range, is credited as the primary driver of
the phenological development of a crop. However, this factor can adversely affect the plant
outside of a plant's optimum range. Soil moisture is argued as the most significant limiting factor
in agricultural production. From 2000 to 2017, the USDA RMA reports that most agricultural
crop losses were due to both sub- and supra-optimal soil moisture levels. Following water stress,
heat and cold stress are reported as the culprit (Bailey-Serres et al., 2012; National Academies of
Sciences and Medicine, 2019). Biological stress, such as insects, weeds, and pathogens, make up
a considerably lower fraction of agricultural losses; this is likely due to the extensive toolbox
available to producers in the US to combat these stresses. Although not reported by the USDA
RMA, nutrient availability and uptake is also key environmental factor crucial for a plant to
achieve its yield potential. Nutrient levels in the field are involved in many dynamic processes,
and the nutrient, which is relatively the most limiting, will be what holds a plant back from
achieving its potential. Overall, nitrogen is often a key determinant of plant productivity. It is
taken in the greatest quantity compared to other minerals and is involved in many crucial
biochemical processes. However, nitrogen’s availability to a plant is also complicated by the
dynamic processes this nutrient is involved within the soil.
Despite the potential to compensate for some stresses through management practices such
as irrigation, land forming, supplemental fertilization, and soil amendments, these resources and
practices come at a monetary cost to producers and a societal cost to the environment. (depleting
aquifer and runoff, altered wildlife habitat, etc.). Globally, many regions lack access to such
resources as well.
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Environmental Productivity Index (EPI) Concept and Experimentation and Modeling
Capabilities
Provided that environmental stress affects crops’ growth and yield multiplicatively, P.S.
Nobel first introduced the term Environmental Productivity Index to help exemplify how stresses
reduce the potential rate of photosynthesis (Nobel, 1984). This concept was further explored by
Reddy et al. in cotton (Reddy et al., 2015). Using the concept, the maximum potential of a plant
process, whether growth, photosynthesis, yield, etc., is limited by each individual stress using a
reduction factor. The reduction factor of each individual stress is multiplied to determine the
overall impact on the process. Research has proven this method as an effective way to account
for abiotic stress when developing crop simulation models both for agronomic and broad policy
implications. Thus, to best understand how these environmental stresses are affecting plant
growth and to calculate reduction factors, we need methods to isolate the stress to prevent or
minimize the compounding effects of other stresses
The effects of environmental stress should also be systematically studied at individual
growth stages of a respective crop. To accomplish this, specialized facilities need to be utilized
which provide precise environmental control over growing conditions so that single stresses can
be manipulated while all other conditions are held at optimum levels. Growth chambers are
commonly utilized for the purpose of manipulating environmental conditions
However, the artificial light sources in these chambers rarely provide solar radiation
levels equivalent to what is seen in a field setting. Soil Plant Atmospheric Research (SPAR) units
have been developed to manipulate environmental conditions while still growing plants under
natural solar radiation levels similar to what is experienced in the field.
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Each unit consists of a soil bin to hold pots, a heating/cooling unit, and a 1.27 cm thick
Plexiglas canopy, allowing 97% of visible solar radiation to pass. Specifications and details of
the operation of these SPAR units have been further explained by Reddy et al. (2001).
Temperature
Temperature is one of the three primary environmental variables influencing plant
phenology and physiology (Coelho and Dale, 1980; Kim et al., 2007). The effects of temperature
begin at seed germination and continue until physiological maturity is reached. High and low
temperatures have caused significant agricultural losses throughout the 21st century. The
magnitude of lost productivity follows behind other abiotic stresses such as drought and
flooding. (Bailey-Serres et al., 2012; National Academies of Sciences and Medicine, 2019).
However, agricultural productivity and temperature relationships vary depending on crop
species, variety, soil conditions, and other weather conditions (Reddy et al., 2017).
In addition to agronomic yield, many aspects of plant productivity are driven by
temperature. These include root and shoot growth, nutrient and water uptake, and physiological
processes such as photosynthesis, respiration, and transpiration (Coelho and Dale, 1980).
Temperatures above a plant’s optimal preference have been reported to negatively affect plant
physiological function, root activity, flowering and fertilization, seed set, and yield. On the other
end of the spectrum, low temperatures delay seed germination (Walne et al., 2020), reduce
growth rates, and negatively impact plant vigor (Wijewardana et al., 2015). Under extremely low
temperatures, permanent frost damage can occur (Ali et al., 2018). Temperature is also a primary
driver of plant phenological development. Multiple thermal indices have been developed to
predict phenological stages (Angel et al., 2017).
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Therefore, a deep understanding of how agronomic crops respond to temperature
throughout all growth stages is critical to support agricultural stakeholders, including producers,
agronomists, and policymakers, as we work to meet the food, fiber, and energy demand for a
growing global population.
Moisture Stress
Drought stress occurs as the volume of water in a soil declines and becomes bound so
tight to soil particles that they are inaccessible to plant roots. Water is loosely bound to the soil
by adhesion, and this bond's strength is expressed as the soil water potential. The volume of
water held by the soil and the strength at which the water is stored depends on the soil's specific
texture. Thus as soil texture varies across a field, the volume of soil water present and the soil
water potential (Walne et al., 2020)
When a plant experiences a situation where the soil matric potential becomes critical, the
water content of the plant declines, and tissue water potential becomes more negative. As tissue
water content becomes critical, leaf wilting and premature senescence can occur (Reddy et al.,
1997). As tissue water potential declines, research indicates common plant responses include
declining cell expansion rates, lower photosynthesis rates, stoma closure, and an increase in the
percentage of biomass partitioned to the root system.
Previous research in corn has demonstrated that soil moisture stress can reduce plant
height, leaf area, and root growth. This reduction in leaf area could lead to a decreased light
interception and a decrease in photosynthate production (Wijewardana et al., 2017). Reductions
in photosynthesis during reproductive stages reduce the carbon supply to filling grain, and the
decrease in photosynthate flux to developing reproductive organs can trigger abortion (Boyer and
Westgate, 2004).
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Early reproductive growth stages when flowering occurs are widely recognized as the
most sensitive period for moisture stress to impact corn yield. However, drought can still affect a
corn plant throughout the growing season (Meeks et al., 2013).
Waterlogging
Waterlogging is severe abiotic stress occurring when the soil profile surrounding a plant’s
root system becomes oversaturated with excess water. Waterlogging is part of the broader stress
of flooding, which encompasses both situations where the soil profile is oversaturated and when
visual ponding occurs above the soil surface (Bailey-Serres et al., 2012).
Waterlogging can occur anytime soil moisture levels rise above the field capacity. Water
inputs exceed a soil’s ability to move water off the soil surface and drain internally. Excessive
moisture levels result in the aerated pore space-filling with water. Water-filled pore space rapidly
depletes soil oxygen levels as the transfer of oxygen and other gasses is blocked between the soil
and the atmosphere. Oxygen diffuses 10,000 times more slowly in water than in air
(Geigenberger, 2003; Kaur et al., 2017). Excess moisture can come from extreme rainfall events,
over-irrigation, and rainfall occurring soon after irrigation, among other factors (Kirkpatrick et
al., 2006). Poor soil structure caused by natural or human influences may also restrict the internal
drainage within the soil and further worsen waterlogging (Batey, 2009). As the soil remains
waterlogged, the soil redox potential declines (Kaur et al., 2019), and the accumulation of
reduced substances can reach phytotoxic levels (Drew, 1997). Additionally, soil pH has been
reported to increase due to protons’ consumption by reducing Fe and Mn oxides (Kaur et al.,
2019). However, Drew et al. (Drew, 1997) suggest that the shortage of oxygen available to plant
roots is still the main factor restricting plant productivity.
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Globally, waterlogging restricts an estimated 10–12% of all agricultural lands annually
[9], and flooding affects over 17 million km2 of the land surface (Kaur et al., 2020).
Waterlogging ranked second to drought in the United States in terms of abiotic stress’
contribution to crop production losses from 2000 to 2017 (Bailey-Serres et al., 2012; National
Academies of Sciences and Medicine, 2019). Early research suggests that wet conditions impair
15.7% of US agricultural soils, and 16.4% of crop insurance payments from 1939 to 1978
resulted from excessive water (Boyer, 1982). Despite waterlogging appearing as a significant
limiting factor to agriculture throughout history, the harmful impacts on production have
worsened following increases in the frequency of extreme precipitation events over the past 50
years (Bailey-Serres et al., 2012). These extreme precipitation events include a general upward
trend of total precipitation correlated with an increased frequency of heavy and extreme
precipitation events (Mallakpour and Villarini, 2015). Global climate models consistently
forecast these trends into the future (Knapp et al., 2015). Specifically in the Lower Mississippi
River Alluvial Valley (LMRAV), increasing trends in annual precipitation and mean wet days
are occurring. For example, an increase in spring precipitation was reported in the northern
LMRAV; conversely, precipitation in the southern LMRAV is increasing more in the fall, often
related to hurricane formation (Ouyang et al., 2020).
As target-planting dates for corn are pushed earlier into the spring, corn will be
increasingly vulnerable to extreme moisture levels during early vegetative growth stages.
Previous research outlines waterlogging as a significant yield-limiting factor for corn production.
Singh et al. (2016) indicated that yields in low-lying topographic areas were significantly lower
in years when waterlogging occurred. Waterlogging for ten days has been reported to
significantly reduce yields, dry matter accumulation, and canopy height (Zaidi et al., 2004). Field
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studies have suggested a 4.69% decline in yield for each day of waterlogging up to seven days,
compared to the non-flooded control (Kaur et al., 2017). Research has also established that corn
is more vulnerable at early growth stages; Ren et al. (2016) report a more significant yield loss
occurring from six days of waterlogging occurring at V3 than V6 and VT.
Therefore, identifying and isolating the impact of waterlogging on corn morphological
dynamics would be best conducted under conditions in which plant nutrients are freely available
and non-limiting for plant uptake.
Nitrogen
Nitrogen availability and uptake are essential to support crop growth, development, and
agronomic yield (Glass, 2003). Accounting for approximately 1-5% of total plant dry weight,
nitrogen is the most abundant mineral element within plant tissue and is involved in many
complex biochemical processes (Muratore et al., 2021).
However, many environmental and management factors influence the availability of this
crucial nutrient throughout the crop growing season. The availability of nitrogen throughout the
entire life cycle plays a significant role in determining agronomic yield. For example, Ciampitti
and Vyn (2012) exemplify that corn grain yield is closely related to total plant N uptake
measured at physiological maturity.
Most agronomic management strategies for non-legume crops include the application of
synthetic or organic nitrogen, and nitrogen inputs on US farms doubled from 1961 to 2000.
Unfortunately, nitrogen fertilizer applied more than a plant’s uptake capacity is subject to loss
and can adversely affect the environment through runoff and leaching. Such losses also
detrimentally impact a farm’s economic stability through high input costs and poor returns on
investment (Reddy et al., 2013).
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Although nitrogen inputs increased following the introduction of synthetic fertilizers,
nitrogen use efficiency, or the amount of grain produced per unit of nitrogen applied to the soil,
has not increased at the same rate (Lassaletta et al., 2014). A recent global study estimated that
plants do not directly recover more than half of the supplemental nitrogen applied to soil (Omara
et al., 2019). The application of excess fertilizer that fails to be utilized by plants may lead to
adverse physiological, environmental, and economic impacts.
Advanced fertilizer application methods and nutrient management strategies are being
introduced at the nexus of remote sensing, precision agriculture, and plant physiology to increase
nitrogen use efficiency, economic returns on investment, and realized yields. Although it is
possible to remotely sense nitrogen levels in plant tissue (Zhao et al., 2003; Raper et al., 2013;
Sumner et al., 2021), knowledge gaps still need to be filled to best determine optimal nitrogen
application rates and timing based on real-time plant nitrogen status paired with future estimates
of nitrogen demand. Predictive capability and plant growth modeling will be crucial additions to
current precision agriculture technology to support management decisions relating to precise and
efficient nitrogen applications.
Previous studies have established that plants primarily use nitrogen to produce and
maintain leaves for photosynthetic carbon fixation into functional biological molecules
(Broadley et al., 2000). An extensive review by Radin and Mauney (1986) described many plant
responses to nitrogen deficit. They suggest that lower nitrogen content results in lower
photosynthetic rates, slower leaf expansion, and an altered response (largely stomatal) to water
stress. Nitrogen deficiency reduces root hydraulic conductivity and the water potential of
expanding leaves. As a result, nitrogen-deficient leaves cannot maintain the adequate turgor
needed for growth, thereby restricting mesophyll and epidermal cells (Radin and Boyer, 1982).
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Other studies suggest that the restricted growth of plants under N deficiency is primarily due to
restricted leaf expansion rather than lower rates of photosynthesis (Ciompi et al., 1996).
Plant root access to nitrogen varies temporally and spatially due to soil heterogeneity and
dynamic microbial conversions occurring in soil, which are affected by agronomic practices and
environmental conditions (Muratore et al., 2021). Thus, root morphology is a critical determinate
for the uptake of immobile and mobile nutrients in the soil (Peng et al., 2010). Some studies
highlight the essential role of root structures in nitrogen acquisition, although few have
quantified the relationship between plant nitrogen content and root morphology. Effective
nutrient acquisition depends on the size of the root system and the structural deployment and
distribution of roots throughout the soil profile. This root architecture is a primary determining
factor of the capacity of plants to uptake essential nutrients and moisture from the soil to sustain
plant growth (Li et al., 2006). Robinson (2021) suggests that root length per unit soil volume
determines a plant’s ability to uptake nitrate from the soil. In addition, strong relationships have
been observed between the amount of root biomass and soil moisture depletion (Craine et al.,
2003). Therefore, quantifying the relationship between plant nitrogen content and root
morphology during early vegetative growth stages will help unravel how nitrogen status could
affect a plant’s future ability to uptake nutrients and moisture during critical growth stages
occurring later in the growing season.
Precision Agriculture Implications
Society as a whole has entered the data age, and we are creating more data today than at
any point in history. As of 2018, approximately 90% of the data ever created was generated in
only the previous two years (National Academies of Sciences and Medicine, 2019). Furthermore,
information is predicted to be at the center of the next revolution in food and agriculture.
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Agricultural technology is also rapidly advancing in all areas of the industry ranging from
on-farm equipment, geospatial technology, weather monitoring, remote sensing, and computing.
For example, improvements have been made in remote sensing nutrient status in plants (Raper et
al., 2013; Sumner et al., 2021), precise soil properties and nutrients, and collecting field event
data such as planting and applications irrigation, and harvest.
However, without the ability to successfully interpret the data from an agronomic basis,
the value of this data is not fully utilized. The real value of the data comes when proper analysis
provides insights and understanding of the data. To maximize the utilization of all of this data,
computer models based on systematic and strategic research will be necessary for successful
analysis to turn hindsight into insight and insight into foresight. Crop simulation modeling,
whether in simple or complex forms, offers the opportunity to add predictive and deeper
analytical capabilities to current and emerging precision agricultural technologies (Reddy et al.,
1997). Predictive capabilities will help fine-tune the timing and magnitude of crop inputs and
management decisions; eventually, predictive capabilities can be utilized for prescriptive
applications as models become more precise.
Current data acquisition provides ample resources for descriptive interpretations.
However, using computer modeling can transform this descriptive data into predictive data and,
eventually, precise prescriptive data (National Academies of Sciences and Medicine, 2019). All
stakeholders in the agricultural industry can utilize predictive and prescriptive outputs from data
ranging from producers, agronomists, agribusiness, and policymakers.
Therefore, the objectives of this study were to: (1) quantify the effects of temperature and
moisture on corn seed germination and (2) explore the impact of temperature, waterlogging, and
plant nitrogen status on early-season corn growth above and below the soil surface.
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CHAPTER II
IN VITRO SEED GERMINATION RESPONSE OF CORN, COTTON, AND SOYBEAN TO
TEMPERATURE
Abstract
Seed germination is the first developmental phase in a plant’s life cycle that is followed
by emergence from the soil, successful seedling and establishment, and fruitful yield. Seed
germination is influenced by multiple environmental factors such as temperature, moisture, and
aeration. An in vitro experiment was conducted to quantify the effects of temperatures ranging
from 10°C to 42.5°C on the germination properties of corn, cotton, and soybean seeds.
Cumulative seed germination was recorded over time and was fitted with a three-parameter
sigmoidal function to calculate maximum seed germination and seed germination rate. The
interaction of temperature and species significantly influenced maximum seed germination. The
seed germination rate was further analyzed as a function of temperature by fitting bilinear and
quadratic functions to the data. Cardinal temperatures (minimum, optimum, and maximum) were
estimated from that regression analysis. Corn displayed the highest optimal temperature of
34.6°C. Cotton showed higher minimum and maximum cardinal temperatures than both corn and
soybean. The cardinal temperatures and functional relationships between seed germination rate
and temperature determined in this experiment will be useful to update crop simulation models
and assess the best planting dates for rapid, successful germination based on environmental
conditions.
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Introduction
In Mississippi, soybean (Glycine max L. Merr.), cotton (Gossypium hirsutum L.), and
corn (Zea mays L.) are three of the most widely grown agronomically important crop species. In
2018, these crops accounted for 0.9, 0.251, and 0.19 million ha of production in Mississippi,
respectively. Also, these three crops are widely grown across the United States. In 2018, there
were 361 million ha of soybean, 5.6 million ha of cotton, and 361 million ha of corn planted in
the United States (USDA-NASS, 2019). Moreover, these crops are often rotated amongst each
other from year to year, shifting total acreage amongst these three species. Crops are usually
sown in field conditions when soil temperatures are above the minimum temperatures for the
individual crop species and with adequate soil moisture levels. Temperature conditions vary
temporally and spatially across these crop belts and fluctuate due to variations in weather
conditions immediately after sowing. Corn planting in Mississippi usually begins in early March
when environmental conditions are still cold and wet. Most soybeans grown in Mississippi are
planted by May, but some producers continue planting through June if double-cropping after
wheat (Triticum aestivum L.). For cotton, the optimal planting window is from mid-April to midMay (Anapalli et al., 2016). A uniform plant stand is necessary for crops grown in the field to
achieve maximum grain yield (Rutto et al., 2014). Uniform stand establishment has been
documented, positively correlating in-season crop growth, development, and final grain yield
(Egli, 1993; Kolchinski et al., 2005; Mondo et al., 2015; Alsajri et al., 2019). Seeds must quickly
germinate and emerge in the same relatively short window of time to achieve a uniform stand.
Rutto et al. (2014) demonstrated that plants with delayed emergence surrounded by new
emerging plants display a delay in leaf stage and plant height. Such a delay can cause shadowing
from neighboring plants, reduced light penetration through the canopy leading to lowered
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radiation capture, and increased competition for moisture and nutrients. Earlier emerged plants
often have more developed and extensive root systems (Weiner, 1990). Corn yields have been
found to decrease due to uneven emergence even if in-row plant spacing is relatively uniform
(Nafziger et al., 1991), especially at high plant populations. For each day an individual corn
plant’s emergence is delayed, a decline in the plant’s final yield is paralleled (Ford and Hicks,
1992). This situation leaves the farmer with no practical solutions to combat loss in yield
potential attributed to uneven emergence. Egli (1993) found that seedlings with early emergence
always exhibited a competitive advantage over later emerging plants in soybean. This rapid
emergence led to higher growth rates, more seeds per plant, and higher yields per plant. Wheeler
et al. (1997) also found similar results where earlier emerging cotton plants correlated to higher
yields per plant.
The rate of emergence, and thus the uniformity of a stand, is a direct function of the
interaction of a seed and its environment. Important environmental factors that influence
emergence include temperature, moisture, compaction, soil aeration, pests, and microbes
(Hatfield and Egli, 1974). Schneider and Gupta (1985) concluded that corn emergence was
influenced by temperature more than the soil matric potential and soil aggregate size distribution.
As temperature drives both seed germination and coleoptile elongation (Blacklow, 1973). Suband supra-optimal temperatures have been shown to affect seed germination capacity and rate
(Hsu et al., 1984; Roberts, 1988; Seepaul et al., 2011), ultimately influencing total emergence
and rate of emergence. Germination is the first step in a plant’s life cycle and initiates growth
from a dormant embryo to finally begin the process of seedling emergence. This critical growth
stage begins with imbibition, a period of water uptake from the seed’s surroundings, and
culminates with the emergence of the radicle. Biologically, germination is simply defined as the
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“emergence of the embryonic root (radicle) through the seed covering (Heatherly and Hodges,
1999).” The maximum seed germination percentage is commonly used to describe a seed lot’s
ability to germinate. This percentage is calculated from a test conducted under near-optimal
laboratory conditions and only measures a seed lot’s maximum potential to produce healthy
seedlings; the germination rate is not considered. Research indicates that factors such as seed
quality and the maternal environment may significantly impact maximum seed germination
(Wijewardana et al., 2019b). Seed vigor, however, may be more appropriate to describe a seed’s
true potential under field conditions. The AOSA has defined seed vigor as “those seed properties
which determine the potential for rapid, uniform emergence, and development of normal
seedlings under a wide range of field conditions (Egli, 1993; Heatherly and Hodges, 1999)”.
Most importantly, this concept addresses the importance of uniform emergence and
establishment under variable environmental conditions. Unfortunately, information on seed vigor
is often not readily available for commercial varieties of major crop species. Besides,
germination and emergence are both influenced by temperature and other environmental factors
such as moisture and aeration. When soil moisture and aeration are not limiting the soil
temperature is the most influential factor in seed germination (Garcia-huidobro et al., 1982;
Gummerson, 1986; Gajanayake et al., 2011). Temperature affects germination capacity and rate
by influencing three key physiological processes: the rate of seed deterioration, the rate of
dormancy loss, and the actual rate of germination (Roberts, 1988). Research indicates that there
is a wide range of temperatures in which germination can occur, and, within this range, the
germination rate increases following an increase from the base temperature required for
germination and the optimal temperature, and then the germination rate decreases as
temperatures rise above the optimal temperature until reaching the maximum temperature at
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which germination can occur (Roberts, 1988). Roberts (1988) also reports that the optimum
temperature to achieve the fastest germination rate is typically higher than the optimal
temperature for maximum seed germination.
When studying seed germination, experiments conducted in the field often run into issues
with uncontrollable factors such as temperature, light, and moisture. These factors all play
critical roles in influencing germination (Wuebker et al., 2001). In vitro experiments can be
conducted to reduce the effects of these confounding factors and isolate the dependent variable
of interest. Previous studies investigating temperature effects on seed germination have been
undertaken on crops where germination data is fitted to empirically derived growth models such
as those presented by Shafii and Price (2001). These growth models allow the calculation of a
theoretical maximum of germination percent and the germination rate, which can be useful
indicators of seed vigor when measured under stress (Seepaul et al., 2011). These germination
characteristics have been further analyzed by calculating three cardinal temperatures (minimum,
Tmin; optimum, Topt; and maximum, Tmax). These critical temperatures represent the range of
temperatures in which germination can occur. Shafii and Price (2001) suggested that determining
cardinal temperatures is an essential and critical component of biological studies involving plant
processes and temperature. Much of the previous research conducted for corn, cotton, and
soybean at sowing focuses on relationships between temperature and emergence. Alsajri et al.
(2019) reported that soybean emergence increased with temperature quadratically, with an
estimated minimum temperature of 10.6°C required for germination and an optimal temperature
of 36.7°C. However, temperatures were not measured above 35.4°C. Hatfield and Egli (1974)
reported that as the mean soil temperature increased, the germination rate increased up to an
optimal temperature of 30.0°C and then declined as the temperature continued to rise. Other
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research indicates varying results, with optimal temperatures ranging from 25 to 36°C (Edwards,
1934; Ellis et al., 1987a). In corn, early research suggests a wide range of optimal temperatures
as well, ranging from as low as 28.0°C to as high as 37.5°C (Lehenbauer, 1914). In a review
article, Sánchez et al. (2014) suggested the optimal temperature for corn emergence may fall
between 26 and 33°C, with emergence occurring between a minimum of 10°C and a maximum
temperature of 40°C. For cotton, research has shown that emergence rates increase as soil
temperatures rise from 20°C to 35°C (Reddy et al., 2017). Ashraf et al. (1994) concluded that
MSG for cotton is significantly higher at 25°C than at 40°C, and the optimal temperature for
cotton germination was suggested to fall between 28-30°C. However, few studies quantified the
effects of temperature on seed germination by calculating cardinal temperatures for
agronomically important row crop species. To our knowledge, this is the first comparative study
of corn, cotton, and soybean germination responses to temperature. Cardinal temperatures for
germination have been reported for numerous other species, including pearl millet (Pennistem
typhoides S. & H.) (Garcia-huidobro et al., 1982), sugar beet (Beta vulgaris) (Gummerson,
1986), Johnson grass (Sorghum halepense L.) (Arnold et al., 1990), switchgrass (Panicum
virgatum L.) (Seepaul et al., 2011), ornamental pepper (Capsicum annuum L.) (Gajanayake et
al., 2011), grass species (Jordan and Haferkamp, 1989), and a wide range of cover crop species
(Tribouillois et al., 2016).
The objectives of this study were to (1) quantify seed germination capacity and seed
germination rate at multiple temperatures using in vitro germination assay for corn, cotton, and
soybean, (2) calculate cardinal temperatures (Tmin, Topt, and Tmax) for seed germination rate, and
(3) test for differences among the tested species for each calculated trait.
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Materials and Methods
Facilities and Experimental Protocol
An in vitro seed germination experiment was conducted at the Environmental Plant
Physiology Laboratory located on the campus of Mississippi State University (33 28’15.4” N, 88
46’55.4” W), Mississippi State, Mississippi, USA. The experiment was designed and set up
following the guidelines described by the Association of Official Seed Analysts (AOSA, 2011).
A Fisher Scientific Incubator 810 was used to provide the necessary temperature control
described later in this section (Fisher Scientific, Inc., Suwanee, GA, USA). Germination tests
conducted inside the incubator included no artificial or natural light.
Our experimental design was completely randomized, with replications completed
overtime at each target temperature. Each temperature and species combination was replicated
four times. Each replicate consisted of 100 seeds randomly selected from the seed lot placed on
disinfected trays between two layers of paper towels moistened with 250 mL of distilled water.
Paper towels were disinfected by running each towel in the microwave oven for 30 seconds. A
second tray was placed on top and secured using clips to ensure water did not evaporate during
experimentation. Trays were stacked vertically in the incubator in a completely randomized
order. Seeds were germinated at eight temperature setpoints: 10, 15, 20, 25, 30, 35, 40, and
42.5°C. Temperature treatments were imposed one hour before germination to ensure the
incubator reached the desired set points before experimentation began. Three Watchdog Model
100 data loggers (Spectrum Technologies Inc., Aurora, IL, USA) were placed in the incubator to
ensure that temperature remained consistent. All temperatures were maintained within ± 1.0°C of
the desired setpoints throughout experimentation.
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Data Collection
Seeds were counted, recorded, and discarded every two hours until germination was
complete, germination ceased for three consecutive days, or 15 total days had passed.
Germination was considered complete when the radicle emerged from the seed embryo and
reached a length greater than or equal to half the length of the seed itself.
Curve Fitting for Cumulative Seed Germination Time Course Data
Using Sigmaplot 13 (Systat Software Inc., San Jose, CA, USA), cumulative seed
germination data for each replicate was fitted to a three-parameter sigmoidal function (Equation
2.1). Details on fitting germination data to this type of curve were described in detail by Shafii
and Price (2001). This function provides a mathematical estimation of the asymptote (theoretical
maximum seed germination capacity, MSG.), the shape and steepness of the curve (proportional
to the rate of germination), and the time to reach 50% of the asymptote (t50).

𝑌𝑡 = 𝑀𝑆𝐺(1 + 𝑒 (−𝑡 – 𝑡50))/𝐺𝑟𝑎𝑡𝑒

(2.1)

where: Yt is the cumulative % germination achieved at time t, MSG is the asymptote or
theoretical maximum seed germination achievable, Grate is a coefficient proportional to the rate
of germination t50 is the time required to reach 50% of MSG.
Maximum Seed Germination and Seed Germination Rate Calculation
The MSG was derived directly from equation 1. The seed germination rate (SGR) was
then calculated as the reciprocal of t50 (1/t50). Seed germination rate has been calculated using a
similar method by Seepaul et al. (2011) and Gajanayake et al. (2011). The SGR was further
analyzed by regressing SGR against average temperature, followed by fitting the data to either a
quadratic or bilinear model, using the highest R2 and lowest RMSE values as the criterion.
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Accordingly, a bilinear equation best described the relationship between corn and cotton SGR
and temperature (Equations 2.2 and 2.3), and a quadratic response best described the relations
between soybean SGR and temperature (Equation 2.4).
For bilinear: if t <= Topt use Equation 2.2, otherwise use Equation 2.3

Y=

[a(𝑇𝑜𝑝𝑡 – 𝑡) + b(𝑡– 𝑡1 )]
𝑇𝑜𝑝𝑡 – 𝑡1

(2.2)

[𝑏(𝑡2 − 𝑡) + 𝑐(𝑡 − 𝑇𝑜𝑝𝑡 )]
(2.3)
𝑡2 − 𝑇𝑜𝑝𝑡
where the regression coefficients for corn were, a = 0.0796, Topt =34.6, t1 = 10, and t2 = 40;
𝑌=

and the regression coefficients for cotton were, a = 0.1275, Topt =26.715, t1 =15, and t2 = 40;
For soybean, a quadratic function best described the SGR response to temperature.

𝑆𝑜𝑦𝑏𝑒𝑎𝑛𝑠 = −1.0561 + 0.143 ∗ 𝑡– 0.0025 ∗ 𝑡2 ; 𝑅2 = 0.98

(2.4)

where t is the average temperature
Cardinal Temperature Estimation
The bilinear functions provide the Topt for corn and cotton SGR (Equations 2.2 and 2.3),
while Tmin and Tmax were derived by extrapolation and were calculated as the lower and upper xintercept, respectively, estimated using regression coefficients (Equations 2.5 and 2.6).

𝑇𝑚𝑖𝑛 =

[𝑇𝑜𝑝𝑡 𝑎 + 𝑡1 (−𝑏)]
a−b

(2.5)

[𝑇𝑜𝑝𝑡 (−𝑐) + 𝑡2 (𝑏)]
(2.6)
𝑏−𝑐
Similarly, the Tmin, Topt, and Tmax for soybean seed germination rate were calculated using
𝑇𝑚𝑎𝑥 =

the coefficients generated from the regressions between SGR, and temperature. Topt was
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calculated as the temperature at which SGR was at its highest (Equation 2.7). Tmin and Tmax were
derived by extrapolation and were calculated as the lower and upper x-intercept, respectively
(Equations 2.8 and 2.9) for soybean.

𝑇𝑜𝑝𝑡 = −𝑏/2𝑐

(2.7)

𝑇𝑚𝑖𝑛 =

−𝑏 + √𝑏 2 − 4𝑎𝑐
2𝑐

(2.8)

𝑇𝑚𝑎𝑥 =

−𝑏 − √𝑏 2 − 4𝑎𝑐
2𝑐

(2.9)

Also, the maximum achievable seed germination rate (SGRmax) was then calculated for
each species by estimating SGR at Topt using either the bilinear or quadratic function equations
(Equations 2.2 and 2.4).
Data Analysis
A two-way ANOVA was conducted using the general linear model procedure in SAS 9.4
(SAS Institute, Inc, Cary, NC, USA) to determine the significant effects of temperature, species,
and their interaction. Means were separated using Fisher’s least significant difference (LSD.) at
an alpha level of 0.05. For the cardinal temperatures, a 95% confidence interval was constructed
to exemplify differences among species. All graphing and regression constant generation were
completed in SigmaPlot 13 (Systat Software Inc., San Jose, CA, USA).

34

Results and Discussion
Knowledge and prediction of crop seed germination, and thus, seedling emergence is
useful for crop management. The results demonstrate strong effects of incubation temperature on
MSG and SGR of corn, cotton, and soybean crop species, the functional relationships, and the
cardinal temperatures,
Cumulative Germination Time-course Data
Following the sigmoidal curve pattern seen in Figure 2.1, germination began slowly,
incurred a period of rapid germination, and slowed again as the maximum germination
percentage is approached in all the three crops studied. Similar functions have been observed by
Seepaul et al. (2011), Gajanayake et al. (2011), and Wijewardana et al. (2019) to model seed
germination, emergence, and other plant growth characteristics of switchgrass, ornamental
peppers, and soybean, respectively. The average r2 of the sigmoidal function for all repetitions
was 0.95 minimum and a maximum of 1.0
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Figure 2.1

Seed germination time course (mean ± SE, n = 4) of (A) corn, (B) cotton, and (C)
soybean species at a range of temperatures.

Symbols represent observed cumulative germination data, and lines indicate a germination time
course fitted using a 3-parameter sigmoidal function.
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Table 2.1

Maximum seed germination percentage (MSG) and seed germination rate (SGR)
of three crop species, corn, cotton, and soybean, for various germination traits.

Variable

Temperature
Species
Temperature*Species

Seed germination parameters
Maximum seed
Seed germination rate
germination (MSG, %)
(SGR, d-1)
***†
***
***
***
***
***

†*** = P-value <0.001
Maximum Seed Germination
Crop species and temperature significantly affected (P<0.05) MSG (Table 2.1, Figure
2.2). The MSG exemplifies the maximum number of seeds with the potential to germinate under
its environment (Wijewardana et al., 2019a). The relationship between MSG and temperature
differed between each species, and no consistent trend was discovered. Corn MSG was
significantly (P<0.05) higher at 30°C than any of the other tested temperatures, whereas MSG
was significantly lower at 10oC and 40°C (Table 2.1). No significant differences (P<0.05) were
observed between the 15, 20, 25, and 35 °C treatments. Cotton achieved the greatest MSG at
25°C, although this value was not significantly different (P<0.05) than germination at 30°C;
MSG for cotton was, however, lower (P<0.05) at the most extreme temperatures of 15 and 40°C.
MSG did not differ (P<0.05) for soybean between 10 and 40°C. However, at 42.5°C, MSG for
soybean was significantly lower than at all other temperatures. Thus, temperatures between 10
and 40°C did not influence soybean MSG, whereas corn and cotton were affected at both high
and low extremes. Although temperature effects were evident with MSG, we did not use this trait
for further analysis, such as cardinal temperature calculation. Temperature effects were
inconsistent among the three tested species, and no clear functional trend was detected. Also,
previous research indicates that MSG is heavily influenced by non-genetic seed traits such as
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seed quality (Ellis et al., 1987b), and parental plant environment (Fenner, 1991; Wijewardana et
al., 2019b), and the time between seed harvest and germination.
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Figure 2.2

The average maximum seed germination for corn, cotton, and soybean plant
species across a wide range of temperatures. The values are mean ± SE four
replications.

Seed Germination Rate
Like MSG, the seed germination rate (SGR) differed (P<0.05) among the three species
and temperature (Table 2.1, Figure 2.3). However, a similar trend was observed for all three
species, and a precise functional fit existed. As temperatures were elevated from suboptimal
towards Topt, SGR steadily increased. When temperatures continued to rise above Topt into
supraoptimal levels, SGR began to decline. The relationship between SGR and temperature for
each species was adequately fitted to either a bi-linear or quadratic function (Figure 2.3). The
functions were selected based on the higher r2 value and lower RMSE among several fitted
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equations. Corn and cotton were best described by a bilinear function, whereas soybean was best
fit to a quadratic function. These functions provide the necessary equation parameters to
calculate the cardinal temperatures for each species. The SGRmax exemplified the highest
estimated SGR attainable for each species at Topt and differed between all three species. Soybean
achieved the highest SGRmax (0.98 d-1) followed by cotton (0.528), and then corn (0.0124).
Species with a higher SGRmax would be more likely to emerge uniformly, even under
environmental conditions where SGR may be hindered.
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Figure 2.3

The average seed germination rate for corn, cotton, and soybean plant species is
presented at all tested temperatures. These values were fitted to either a bilinear or
quadratic function to calculate cardinal temperatures.

Cardinal Temperature Calculation
Corn had the highest Topt at 34.6 °C, while the Topt for cotton and soybean was not
significantly different (P<0.05), with respective values of 26.715 and 28.6 °C. Tmin and Tmax
were estimated by calculating the temperatures at which the seed germination rate reaches zero
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above and below Topt. Corn and soybean displayed the lowest Tmin, 6.5 °C, and 8.9 °C,
respectively, but were not significantly different. The Tmin for cotton was 11.3°C. The Tmax
values of corn and soybean, 57.0 and 48.1°C, respectively, did not differ either. Cotton displayed
a very high Tmax of 82.9 °C. These cardinal temperatures are estimates produced through
extrapolation; they do not suggest that successful seed germination will occur at every
temperature within the cardinal temperatures; however, they do provide valuable insight to the
sensitivity of each species to sub and supra optimal temperatures at germination. Also,
determining the Topt for each species can help to update best management practices for selecting
optimal planting dates. The cardinal temperatures and functional relationships between seed
germination and temperature could also be useful for updating and validating various crop
simulation models.
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Figure 2.4

The cardinal temperatures (Minimum -Tmin, Optimum -Topt, and maximum - Tmax)
of corn, cotton, and soybean crop species. Differing letters indicate a difference
among the species within the respective cardinal temperature category at a P =
0.05 probability level.
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Conclusion
Cumulative seed germination was successfully described using a three-parameter
sigmoidal function in all three crop species, corn, cotton, and soybean, which provided critical
estimates of both maximum seed germination and seed germination rate. The average
temperature and species both had a significant influence on maximum seed germination and seed
germination rate in all the crops. Maximum seed germination was lower at the lowest and highest
temperatures for corn and cotton but was only lower at the highest temperature for soybean. The
seed germination rate for temperature was accurately described by a bilinear function for corn
and cotton, whereas a quadratic function best fitted the relationship for soybean. Cardinal
temperatures calculated by extrapolating the functions to determine x intercepts and optimal
temperatures determined by calculating the vertex of the functions varied among the three crops
studied. Corn had a higher optimal temperature than soybean and cotton, whereas cotton had
higher minimum and maximum temperatures compared with corn and soybean. The functional
relationships between temperature and corn (Morell et al., 2016), cotton (Reddy et al., 2002;
Thorp et al., 2014), and soybean (Jones et al., 2003) seed germination rate and optimal
temperatures could be used to improve the functionality of respective crop models for field
applications.
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CHAPTER III
IN VITRO SEED GERMINATION RESPONSE OF CORN HYBRIDS TO OSMOTIC
STRESS CONDITIONS
Abstract
Drought is a major environmental stress factor for plants influencing all growth stages.
Drought occurring during germination affects both germination percentage and rate. An
experiment was conducted to evaluate in vitro seed germination responses of nine corn (Zea
mays L.) hybrids to declining osmotic potentials using polyethylene glycol. Time series data for
seed germination were generated at different osmotic potentials from 0 to −1.2 MPa at −0.3-MPa
intervals at 25°C. Maximum seed germination (MSG) and seed germination rate (SGR) were
estimated by fitting the data to a three-parameter sigmoid function. The minimum osmotic
potentials at which MSG and SGR rate reached zero (MSGbase and SGRbase) were derived by first
fitting linear and quadratic regression models as a function of osmotic potential and then
calculating intercepts. Maximum seed germination and SGR decreased as osmotic potential
decreased, and differences were identified among hybrids for MSG, SGR, MSGbase, and SGRbase.
An osmotic stress response index was developed by summing individual response indices of
each parameter for each hybrid and was used to classify the corn hybrids into tolerance groups.
AgriGold A6659 and Terral REV 25BHR26 were identified as the most- and least-tolerant corn
hybrids during germination, with AgriGold A6659 performing 29% better than REV 25BHR26.
Previous studies have used similar methods using polyethylene glycol to create osmotic stress
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but have not used the parameters used in this study. These parameters establish a new potential
screening tool to identify osmotic stress tolerance in corn germplasm.
Introduction
Corn (Zea mays L.) ranks second globally among crops in terms of acreage, led only by
wheat (Triticum aestivum L.) (USDA Foreign Agricultural Service, 2019). The United States is
the world leader in total production and corn yield, producing an average of 11,085 kg ha−1. Over
the last half-century, corn yields in the United States have increased over eightfold (National
Academies of Sciences and Medicine, 2019). However, these yield gains have not been
replicated globally. The continuation of these yield gains and their stability is uncertain and
limited primarily by plant responses to abiotic stressors. Also, an increase in the demand for
agricultural products for feed, clothing, and fuel for a growing global population has increased
pressure on prime farmland. It has led to increased production in marginal soils and
environments. Henceforth, an increase in production efficiency in suboptimal environments at all
growth stages, from germination to maturity, will be essential to meet the future agricultural
demands of human and animal populations.
Seed germination is initiating the growth of a plant from a dormant embryo. The process
begins with imbibition, a period of water uptake from the seed’s surroundings (Schneider &
Gupta, 1985), and culminates with radicle emergence (Willenborg, Wildeman, Miller,
Rossnagel, & Shirtliffe, 2005). Bradford (1990) describes imbibition as a three-phase process: an
initial phase of rapid water uptake, a plateau phase with little change in seed water content, and a
final stage where water content increases coinciding with radicle growth. Primarily, the soil
water potential controls the rate of imbibition (Schneider & Gupta, 1985), and seeds require a
significant amount of time to imbibe water from their surroundings (Singh, Reddy, Redoña, &
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Walker, 2017). Germination is considered complete as embryo growth initiates. Germination for
most agronomic species occurs fastest if the soil water potential is near saturation, and
germination rates decrease following a decline in the soil water potential (Collis-George &
Hector,1966; Hadas & Russo,1974). Imbibition, and thus germination, is affected by many other
environmental factors, such as temperature, seed quality, seed size, soil type, salinity, humidity,
and hardening (Larson & Hanway, 1989; Schneider & Gupta, 1985; Singh et al., 2017). These
studies indicate the importance of abiotic factors on seed germination. However, there is limited
quantitative information on the relationship between osmotic potential, simulating the soil water
potential, and corn germination traits.
Drought is a major abiotic stress factor occurring as the volume of water in a soil declines
and becomes bound too tightly to soil particles for the plant to access. Water is loosely bound to
soil particles by adhesion, and the strength of this bond is expressed as the soil water potential.
The volume of water held by the soil and the strength at which the water is held depends on the
specific texture of the soil. Thus, as soil texture varies across a field, so does the volume of soil
water present and soil water potential. Corn yields are highly dependent on both the total plant
population and the evenness of establishment (Schneider & Gupta, 1985). The latter directly
relates to rapid and uniform emergence; thus, a successful corn harvest begins with rapid and
uniform germination. Previous research indicates a significant yield loss attributed to uneven
emergence in corn (Ford & Hicks, 1992; Nielsen, 1993). Specifically, research has shown that
delayed, uneven emergence leads to lower leaf area, lower dry matter accumulation, lower
harvest index, and, thus, lower yield (Liu et al., 2007). However, due to the higher cost of
production and loss of yield potential from a later planting date, replanting is not always an

49

economical solution to combat the decrease in yield potential from uneven stands (Ford & Hicks,
1992; Nafziger, Carter, & Graham, 1991).
Mixing substrates into a solution to create various osmotic potentials is vital to study seed
germination response to the soil water potentials experienced under limited soil water conditions.
These solutions should produce quantitatively defined changes in osmotic potential while not
interfering with other physiological properties, such as the osmotic pressure inside plant cells
(Hohl & Schopfer, 1991). Various substrates, including sucrose, mannitol, and sodium chloride
(NaCl), can create desired osmotic potentials when added to water; however, artificial media also
interact with other vital plant processes. For example, high concentrations of NaCl affect osmotic
potential and interfere with other crucial components of seed germination, such as causing
radicle cell damage (Liu et al., 2007). Sharma (1973) determined polyethylene glycol (PEG) as a
valuable substrate to study seed germination under osmotic stress compared with other
substrates. Polyethylene glycol is a highly water-soluble substance; it is an inert and nontoxic
chemical compound available in many high molecular weights (Lawlor, 1970). High-molecularweight PEG is a nonabsorbable osmoticum that closely simulates the effect of water stress during
short-term experiments (Hohl & Schopfer, 1991). Polyethylene glycol with a molecular weight
of 8,000 (PEG 8,000) has been used to study osmotic stress in various crops, including oat
(Avena sativa L.) (Willenborg et al., 2005), switchgrass (Panicum virgatum L.) (Seepaul,
Macoon, & Reddy, 2012), wheat (Al-Karaki, 1998; Lafond & Baker, 1986), barley (Hordeum
vulgare L.) (Al-Karaki, 1998), and tomato (Solanum lycopersicum L.) (Kulkarni & Deshpande,
2007). Overall, PEG offers an excellent medium to regulate osmotic potential in vitro without
interrupting other vital plant processes.
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The objectives of this study were to quantify the effect of decreasing osmotic potential on
the germination of nine commercially available corn hybrids and to classify these hybrids for
osmotic stress tolerance during germination by creating an osmotic stress response index (OSRI).
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Materials and Methods
An in vitro experiment was conducted from 2018 to 2019 at the Environmental Plant
Physiology Laboratory located at the Rodney Foil Plant Science Research Center on the
Mississippi State University Campus (33◦28′11.5″ N, 88◦46′57.8″ W).
Seed material
Corn hybrids used in this study were selected from the 2018 Mississippi State University
Corn Variety Trial submissions. All hybrids are accessible to producers and suitable for
production systems in the U.S. mid-south. Hybrids include Armor 1717, AgriGold A6659,
AgriGold A6711, Terral REV 25BHR26, MorCorn MC4319, Dyna-Gro D57VP51, Progeny
PGY7111, Dekalb DKC67-44, and Mycogen CNX157137. Experimentation was conducted
using seeds in their commercially available form, including any respective seed treatment
present. For hybrids containing refuge seed in the bag, all refuge seed not genetically identical to
the hybrid in the study was removed to ensure uniformity.
Seed germination testing
Corn seed was germinated in a Precision Plant Growth Chamber (ThermoFisher
Scientific). All seed germination was performed according to the standards of the Association of
Official Seed Analysts (2013). The trial was completely randomized with two factors: nine
hybrids and five osmotic potentials. Each treatment combination was repeated four times, using
100 seeds per replication. Drought treatments were induced by creating a PEG 8,000 (SigmaAldrich) solution to simulate osmotic potentials similar to soil water potentials occurring in the
field. The osmotic potential of each treatment in decreasing order was 0.0 (control), –0.3, –0.6, –
0.9, and –1.2 MPa. The appropriate amount of PEG 8,000 required for each solution was
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determined according to an equation developed by Michel (1983). The seed was placed on
sterilized trays between four layers of paper towels dampened with the assigned solution at an
equal volume of liquid. Trays were placed in the growth chamber, covered, and incubated at a
constant temperature of 25 ± 1.0 ◦C. Temperature data were recorded using three Watchdog
Model 100 data loggers (Spectrum Technologies Inc.) placed on the top, middle, and bottom
shelves of the chamber. An additional Model CR10X data logger (Campbell Scientific, Inc.) and
copper constantan thermocouples were used to ensuring temperature was precise. After 24 h of
incubation, seeds were examined for germination at 2-h intervals. As the germination rate
slowed, check intervals were extended to 4, 6, and 12 h. Germination was determined once the
radicle extended to a length greater than or equal to half the length of the seed. Seeds were
discarded from the tray upon germination. Once germination ceased for three consecutive days,
the trial was terminated.
Procedure for germination time course fitting
Cumulative germination data plotted across time were fitted to a three-parameter
sigmoidal function (Equation 3.1) using Sigma Plot 13 (Systat Software Inc.) to generate
estimates of seed germination at time t (Y), maximum seed germination (MSG), the slope of the
function (s), and the time to reach 50% germination (t50):
𝑀𝑆𝐺
(3.1)
1 + 𝑒 −(𝑡−𝑡50 )
𝑠
where Y is the seed germination at time t, MSG is the maximum seed germination, t is
Y = MSG ∕ {1 + exp 𝑌 = 𝑀𝑆𝐺

the time after incubation began, t50 is the time to 50% of MSG, and s is the slope of the sigmoid
function and is proportional to the germination rate.
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Maximum seed germination, derived from Equation 3.1, is the mathematical estimation
of the theoretical maximum seed germination of each repetition. The seed germination rate
(SGR) was calculated by taking the reciprocal of t50 (1/t50). Maximum seed germination and
SGR values were further analyzed by regressing the values against osmotic potential and fitting
either linear or quadratic functions to the data; the function with the highest R2 and lowest RMSE
was chosen for best fit (Equations 3.2 and 3.3). These functions produced regression constants
and coefficients, which can be used to extrapolate the lower x-intercepts for each function. These
intercepts are an estimate of the base (minimum) osmotic potential at which seed germination
(MSGbase) (Equation 3.4) and seed germination rate (SGRbase) (Equation 3.5) reaches zero for
each hybrid. The regression constant and coefficient for SGR also represent two other vital
parameters. Regression constant “a” represents the estimated maximum SGR when the osmotic
potential is 0, or SGRmax. Regression coefficient “b” represents SGR per unit decline in osmotic
potential or SGRslope.

𝑆𝐺𝑅 = 𝑎 + 𝑏𝑥

(3.2)

where a is the estimated maximum SGR when the osmotic potential is 0 (SGRmax), b is
the rate of decline in SGR per unit decline in osmotic potential (SGRslope), and x is the osmotic
potential

𝑀𝑆𝐺 = 𝑎 + 𝑏𝑥 + 𝑐𝑥 2

(3.3)

where x is the osmotic potential of the respective treatment, and a, b, and c are hybridspecific quadratic constants generated in SigmaPlot 13
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𝑀𝑆𝐺𝑏𝑎𝑠𝑒 =

−𝑏 + √𝑏 2 − 4𝑎𝑐
2𝑐

(3.4)

where a, b, and c are quadratic equation constants that are hybrid specific and generated
using the regression function in SigmaPlot 13.

𝑎
(3.5)
𝑏
where a and b are linear equation constants that are hybrid specific and generated using
𝑆𝐺𝑅𝑏𝑎𝑠𝑒 =

the regression function in SigmaPlot 13.
Creation of osmotic stress response index
An OSRI was calculated to normalize the measured parameters, estimate the overall
osmotic stress tolerance for each hybrid, and allow comparison of stress tolerance among the
hybrids included in this study. The OSRI is modeled after methods derived from those used by
Dai, Shaobing, Chavez, and Vergara (1994) to create a stress index (Koti, Reddy, Kakani, Zhao,
and Reddy (2004) to create a cumulative stress response index; and Wijewardana, Alsajri, and
Reddy (2018) to create a cumulative drought response index. Four parameters were selected for
the OSRI calculation: MSGbase, SGRbase, SGRmax, and SGRslope. The OSRI is calculated as the
summation of individual component responses for each parameter. Individual stress response
indices (ISRIs) were calculated for each of the four parameters. The ISRI for parameter P was
calculated for each hybrid by dividing the value of parameter P for hybrid h by the maximum
value of parameter P observed between all hybrids (Equation 3.6).

𝐼𝑆𝑅𝐼𝑃 =

𝑃ℎ
𝑃𝑚𝑎𝑥
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(3.6)

where ISRI is the individual stress response index for parameter P, Ph is the value of
parameter P for hybrid h, and Pmax is the maximum value of parameter P among all hybrids.
The OSRI is then calculated as the sum of all four ISRIs (Equation 3.7). By normalizing
the data through ISRI calculation, each of the four parameters will have the same influence on
the OSRI for each hybrid. When calculating the ISRI for MSGbase and SGRbase, values further
from zero indicate higher tolerance. Thus, the absolute value of these two parameters should be
used. The term SGRslope represents the slope of the effect of decreasing osmotic potential on
SGR; therefore, low positive values are desirable. To account for desirable low values, the
reciprocal of SGRslope should be used for ISRI calculation.
𝑂𝑆𝑅𝐼ℎ =

𝑀𝑆𝐺𝑏𝑎𝑠𝑒ℎ
𝑆𝐺𝑅𝑏𝑎𝑠𝑒ℎ
𝑆𝐺𝑅𝑚𝑎𝑥ℎ
𝑆𝐺𝑅𝑠𝑙𝑜𝑝𝑒ℎ
+
+
+
𝑀𝑆𝐺𝑏𝑎𝑠𝑒𝑚𝑎𝑥 𝑆𝐺𝑅𝑏𝑎𝑠𝑒𝑚𝑎𝑥 𝑆𝐺𝑅𝑚𝑎𝑥𝑚𝑎𝑥 𝑆𝐺𝑅𝑠𝑙𝑜𝑝𝑒𝑚𝑎𝑥

(3.7)

where OSRIh is the osmotic stress response index for hybrid h, and max is the maximum
value for the respective parameter among all hybrids.
Each hybrid was classified using a standard deviation model at increments of 1.0 SD
above the minimum OSRI. Hybrids less than the minimum OSRI + 1 SD were classified as
osmotic stress-sensitive (Equation 3.8). Hybrids less than the minimum OSRI + 2 SD but higher
than the minimum OSRI + 1 SD were classified as osmotic stress neutral (Equation 3.9). Hybrids
higher than the minimum OSRI + 2 SD were classified as osmotic stress-tolerant (Equation
3.10). Classification is relative only among hybrids included in this study.

Osmotic stress sensitive = (OSRI < min OSRI + 1.0SD)

(3.8)

Osmotic stress neutral = (min OSRI + 1.0SD < OSRI < minOSRI + 2.0SD)

(3.9)
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Osmotic stress tolerant = (min OSRI + 2.0SD < OSRI < minOSRI + 3.0SD)

(3.10)

Data analysis
Maximum seed germination, germination rate, and time to 50% germination were
determined using SigmaPlot 13 by fitting an appropriate sigmoidal function to the cumulative
germination time-course data. Replicated values of MSG, germination rate, and time to 50%
germination were analyzed for variance using PROC GLM within the SAS program (SAS
Institute, 2016) to determine the effect of hybrid, osmotic potential, and the hybrid × osmotic
potential interaction. Means were separated using Fisher’s LSD at α = .05. SigmaPlot 13 was
also used to regress MSG and SGR against the osmotic potential to generate appropriate
regression constants to calculate MSGbase, SGRbase and r2.
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Results and Discussion
Time series of seed germination
The time-series data of corn seed germination were best described using a threeparameter sigmoidal function among hybrids at each treatment. Hybrids were hindered in vitro
seed germination of all corn as osmotic potential decreased. Figure 3.1 illustrates decreasing
osmotic potential on the shape, rate, and maximum germination of Agrigold A6659. Under
control conditions, rapid germination began quickly; 50% germination was reached after
approximately 2 days of incubation and varied among hybrids. As osmotic potential decreased,
an extended period of incubation was needed to reach 50% germination for all hybrids. At the
lowest osmotic potential tested, most hybrids did not achieve 50% germination until after 6 days
of incubation. Similar correlations between decreasing osmotic potential and in vitro seed
germination were reported in soybean (Wijewardana et al., 2018) and switchgrass (Singh et al.,
2017).
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Figure 3.1

Germination time course of corn hybrid, Agrigold A6659, representing
germination at five osmotic potentials.

Cumulative germination data is presented using symbols, and a germination time course is
represented by fitting a three-parameter sigmoidal function to each data set.
Maximum seed germination
Maximum seed germination under non-limiting water conditions varied among corn
hybrids (Table 3.1). The variability observed in MSG could be due to seed quality issues or
parental growth environments (Wijewardana, Reddy, Krutz, Gao, & Bellaloui, 2019). Ellis,
Simon, and Covell (1987) suggested that environmentally determined differences in seed quality
within a genotype should not significantly affect cardinal traits such as MSGbase, which are more
influenced by seed genetics. Therefore, although MSG varied greatly, calculations for traits such
as MSGbase should still be valid parameters to evaluate a seed’s genetic potential to germinate
under osmotic stress conditions. In addition, MSG should not be used to screen hybrids for stress
tolerance. As osmotic stress increased, MSG declined quadratically for all hybrids. Figure 3.2a
exemplifies the effect of increasing osmotic stress on the maximum seed germination of three
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hybrids, one representing each classification level described below. Agrigold A6659 showed the
least decline in MSG, and MorCorn MC4319 showed the greatest decline. Osmotic potential and
hybrid both affected MSG independently; there was no interaction observed between the two
factors. Previous research reports found similar decreases in MSG for switchgrass (Seepaul et al.,
2012), rice (Singh et al., 2017), and soybean (Wijewardana et al., 2018). These declines could be
attributed to a decrease in water imbibition. The value of MSGbase was extrapolated by
calculating the lower x-intercept of the quadratic function describing each hybrid (Equation 3.4);
this value provides an estimate of the osmotic potential where seed germination reaches zero.
Values of MSGbase varied among corn hybrids, ranging from –1.33 (MorCorn MC4319) to –2.29
(Agrigold A6659).
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Maximum seed germination (MSG) percentage, quadratic equation constants, r2
for MSG, estimated osmotic potential when seed germination is zero (MSGbase,
MPa), linear equation constants, r2 for seed germination rate (SGR), and estimated
osmotic potential when SGR is zero (GROPmin, MPa) for the nine corn hybrids.

Table 3.1

Corn hybrids

MSG

Equation constants
a

b

r2

C

AgriGold A6659
AgriGold A6711
Terral REV
25BHR26
MorCorn MC4319
Dyna-Gro
D57VP51
Progeny PGY7111
Dekalb DKC67-44

Equation constants
a

(%)
Armor 1717

MSGbase

r2

b

SGRbase

(MPa)

73.38
96.97

73.76
98.42

65.82

69.45

74.23

77.96

84.95

84.46

98.99

97.62

96.62

97.92

82.07

81.71

Mycogen
CNX157137
Treatment (TRT)
Hybrid (HYB)

83.16
***
***

86.36

TRT x HYB

NS

56.56
-4.90
61.99
37.19
71.20
19.57
14.74
57.43
26.58

(MPa)

-77.05
-20.89

1.00
0.92

-1.41
-2.29

0.46
0.49

0.28
0.28

0.99
0.98

-1.64
-1.71

-79.03

0.94

-1.41

0.47

0.28

0.98

-1.66

-70.02
100.74

0.97

-1.35

0.38

0.24

0.98

-1.56

1.00

-1.33

0.47

0.29

0.98

-1.61

-40.67

0.99

-1.81

0.52

0.33

0.98

-1.59

-52.37

1.00

-1.52

0.51

0.33

0.97

-1.54

-81.59

1.00

-1.41

0.38

0.20

1.00

-1.91

-65.18

0.98

-1.37

0.43
***
***

0.24
***
***

0.96

-1.81

***

***

†*** = P-value <0.001, NS = Not significantly different at P = 0.05 level.

Seed germination rate
Seed germination rate decreased linearly with decreasing osmotic potential (Figure 2a).
An interaction between hybrid and osmotic potential (P < .0001) was found for this parameter.
This interaction indicates that the rate of decline in SGR as osmotic potential decreases could be
useful in determining tolerance among hybrids. At 0.0 MPa, seed germination rates ranged from
0.39 to 0.54 (average, 0.48). Progeny PGY7111 had the highest SGR (0.54), and Dekalb
DKC67-44 had the lowest (0.39). Agrigold A6659, Agrigold A6711, Dyna-Gro D57VP51, and
Progeny PGY7111 were higher than the average. Progeny PGY7111 experienced the steepest
decline of SGR over the decreasing osmotic potential (0.0 to –1.2 MPa), and Dekalb DKC67-44
experienced the least decline as osmotic potential decreased. The SGRbase was determined by
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calculating the x-intercept of the linear function for the SGR of each hybrid; this intercept is an
estimate of the minimum osmotic potential where SGR reaches zero.

Figure 3.2

Osmotic potential effects on (A) maximum seed germination and (B) seed
germination rate of three corn hybrids representing different drought tolerance
classification levels.

Osmotic stress response index
The OSRI classified corn hybrids for osmotic stress tolerance based on four germination
traits using procedures similar to those developed by Dai et al. (1994) and Koti et al. (2004). The
62

categorization of corn hybrids for drought tolerance was completed by using MSGbase, SGRbase,
SGRmax, and SGRslope. Because MSGbase is a function of MSG under optimal conditions and the
rate at which MSG declines as osmotic potentials decrease, it was selected as a parameter to be
included in the OSRI. We did not contain MSG in the OSRI calculation because previous
research indicates that MSG is more influenced by seed quality than seed genetics (Ellis et al.,
1987). The value also represents the estimated range of osmotic potentials for seed germination
for each hybrid. The term SGRbase was included in the calculation of the OSRIs due to the value
representing the range of osmotic potentials where seed germination rate will occur and how
extreme conditions can become before germination ceases. Sgrmax was included in the index
calculation to account for how rapidly a seed will germinate under optimal conditions. Even as
SGR declines following a decline in osmotic potential, vigorous seeds with high potential SGR
under optimal conditions give a hybrid a head start over hybrids with a lower potential SGR.
Because SGRslope represents the direct decline in SGR as osmotic stress increases, it was
included in the OSRI calculation. The values of OSRI ranged between 2.96 (Dekalb DKC67-44)
and 3.69 (AgriGold A6659). Based on the OSRI, the nine hybrids were classified into three
categories (Table 3.2). Tolerance categories were defined as the minimum OSRI + 1 SD for each
category. Terral REV 25BHR26, Dekalb DKC67-44, and Mycogen CNX157137 were classified
as osmotic stress sensitive; MorCorn MC4319, Armor 1717, and AgriGold A6711 were
classified as osmotic stress neutral; and Progeny PGY7111, Dyna-Gro D57VP51, and AgriGold
A6659 were classified as osmotic stress tolerant. According to OSRI calculations, the most
osmotic stress–sensitive variety (Terral REV 25BHR26) performed 13% lower than the overall
mean, and the most osmotic tolerant variety (Agrigold A6659) performed 14% better than the
overall mean.
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Table 3.2

Classification of the nine corn hybrids into low, moderate, and high osmotic stress
tolerance groups based on osmotic stress response index (OSRI) scores.

Osmotic stress sensitive

Osmotic stress neutral

Osmotic stress tolerant

(OSRI < 3.15)

(OSRI = 3.16-3.43)

(OSRI = 3.39-3.73)

Terral REV 25BHR26 (2.87)

MorCorn MC4319 (3.2)

Progeny PGY7111 (3.44)

Dekalb DKC67-44 (2.96)

Armor 1717 (3.21)

Dyna-Gro D57VP51 (3.62)

Mycogen CNX157137 (3.11)

AgriGold A6711 (3.26)

AgriGold A6659 (3.69)

Place all detailed caption, notes, reference, legend information, etc here

64

Conclusions
This study distinguishes differences in maximum seed germination and germination rate
among corn hybrids at multiple osmotic stress levels. The MSGbase, SGRbase , SGRmax, and
SGRslope were also determined for each hybrid. Previous germination studies have been
completed on corn and other crop species using PEG to create osmotic stress but have not used
the parameters used in this study. These parameters establish a potential screening tool to
identify osmotic stress tolerance among corn germplasm. Increased osmotic stress tolerance at
germination through rapid and uniform germination could improve stand uniformity and lead to
healthy, vigorous seedlings. More research is needed to establish a relationship between
tolerance to osmotic stress at germination and tolerance to drought throughout the life cycle of
corn. If such a relationship existed, breeders could rapidly screen corn hybrids using this
technique to develop drought-tolerant germplasm. Osmotic stress tolerance at germination could
improve uniform emergence and stand establishment under suboptimal soil moisture conditions.
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CHAPTER IV
TEMPERATURE EFFECTS ON THE SHOOT AND ROOT GROWTH, DEVELOPMENT,
AND BIOMASS ACCUMULATION OF CORN
Abstract
Temperature is a critical environmental factor regulating plants’ growth and yield. Corn
is a major agronomic crop produced globally over a vast geographic region, and highly variable
climatic conditions occur spatially and temporally throughout these regions. Current literature
lacks a comprehensive study comparing the effects of temperature on above versus belowground growth and development and biomass partitioning of corn measured over time. An
experiment was conducted to quantify the impact of temperature on corn’s early vegetative
growth and development. Cardinal temperatures (Tmin, Topt, and Tmax) were estimated for
different aspects of above- and below-ground growth processes. Plants were subjected to five
differing day/night temperature treatments of 20/12, 25/17, 30/22, 35/27, and 40/32 °C using
sun-lit controlled environment growth chambers for four weeks post-emergence. Corn plant
height, leaves, leaf area, root length, surface area, volume, numbers of tips and forks, and plant
component part dry weights were measured weekly. Cardinal temperatures were estimated, and
the relationships between parameters and temperature within these cardinal limits were estimated
using a modified beta function model. Cardinal temperature limits for whole plant dry weight
production were 13.5 °C (Tmin), 30.5 °C (Topt), and 38 °C (Tmax). Biomass resources were
prioritized for the root system at low temperatures and leaves at high temperatures. Root growth
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displayed the lowest optimum temperature compared to root development, shoot growth, and
shoot development. The estimated cardinal temperatures and functional algorithms produced in
this study, which include both above and below-ground aspects of plant growth, could be helpful
to update crop models and could be beneficial to estimate corn growth under varying temperature
conditions. These results could also be applicable when considering management decisions for
maximizing field production and implementing emerging precision agriculture technology
Introduction
Temperature is a major abiotic, or environmental, factor uniquely connected to
agricultural production through its influence on plant growth, development, and yield.
Temperature is one of the three primary environmental variables influencing plant phenology
and physiology, alongside solar radiation and soil moisture (Coelho and Dale, 1980; Kim et al.,
2007). High and low temperatures have caused significant agricultural losses throughout the 21st
century. The magnitude of lost productivity follows behind other abiotic stresses such as drought
and flooding. (Bailey-Serres et al., 2012; National Academies of Sciences and Medicine, 2019).
However, agricultural productivity and temperature relationships vary depending on crop
species, variety, soil conditions, and other weather conditions (Reddy et al., 2017). In addition to
agronomic yield, many aspects of plant productivity are driven by temperature. These include
root and shoot growth, nutrient and water uptake, and physiological processes such as
photosynthesis, respiration, and transpiration (Coelho and Dale, 1980). Temperatures above a
plant’s optimal preference have been reported to negatively affect plant physiological function,
root activity, flowering and fertilization, seed set, and yield. On the other end of the spectrum,
low temperatures delay seed germination (Walne et al., 2020), reduce growth rates, and
negatively impact plant vigor (Wijewardana et al., 2015). Under extremely low temperatures,
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permanent frost damage can occur (Ali et al., 2018). Temperature is also a primary driver of
plant phenological development. Multiple thermal indices have been developed to predict
phenological stages (Angel et al., 2017). Therefore, a deep understanding of how agronomic
crops respond to temperature throughout all growth stages is critical to support agricultural
stakeholders, including producers, agronomists, and policymakers, as we work to meet the food,
fiber, and energy demand for a growing global population.
Corn (Zea mays L.) is a major agronomic crop globally, surpassed only by wheat
(Triticum aestivum L.) in total acreage worldwide (USDA FAS, 2019). Originating in Mexico,
this C4 plant is grown over a vast geographic area, ranging in latitude from 58 °N to 40 °S and
elevation below sea level to over 3000 m (Ali et al., 2018). With such widespread production,
corn crops experience incredible variation in environmental conditions. Over the last halfcentury in the United States, corn yields have increased over eight-fold. As a result, the US is the
global leader in yield and total production (National Academies of Sciences and Medicine,
2019). However, these high yields are not replicated globally. Research indicates that plant
response to abiotic stress is the primary limiting factor (Curforth et al., 1986; Sanchez et al.,
2014). Thus, it can be assumed that much of the global corn production occurs under conditions
exterior to corn’s optimum preference. Increasing the resiliency and adaptability of corn plants to
suboptimal environments will be critical for the agricultural industry to meet future global
production demands.
Early vegetative growth and development are the foundation of a successful crop. Above
ground, a plant establishes its capacity to produce a carbon source. Below ground, the plant
extends its root system to enhance its uptake of water and nutrients. When a crop emerges,
successful stand establishment is highly dependent on the ability of the emerging plants to
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endure stress during these early vegetative stages (Cutforth et al., 1986). Vegetative growth
between emergence and tassel in corn is also vital because, during tassel initiation, the potential
number of kernels per ear is determined (Tollenaar and Bruulsema, 1988; Sánchez et al., 2014a).
Vegetative growth and developmental processes such as the initiation of new leaves, expansion
of these leaves, and extension of plant height directly affect the plant’s ability to intercept solar
radiation throughout the growing season. In addition, research indicates that temperature can
alter these processes (Calleja-Cabrera et al., 2020).
Additionally, modern agricultural research has often ignored plant roots due to difficulty
monitoring these structures in the field. Increasing our understanding of how plants respond
below the soil surface to environmental variables such as temperature will provide fundamental
knowledge to build upon as we explore ways to improve abiotic stress tolerance, close the yield
gap, and continue previous success in increasing agronomic yields. Moreover, understanding
functional relationships between environmental factors and plant processes is critical to
developing and enhancing processed-based crop simulation models. Such models could predict
crop growth and simulate agricultural systems under varying conditions.
Previous research indicates vegetative growth often follows a sigmoid growth pattern as
growth progresses temporally, whereby three phases typically occur: an early accelerating phase
often resembling exponential growth, a middle stabilized linear phase, and a final saturation
phase occurring as the process begins to reach its maximum (Yin et al., 2003). Thus, growth
rates follow a bell-shaped curve as the growing season progresses temporally, with growth per
day or unit of time diminishing as maximum growth is approached (Yin et al., 2003). To prevent
growth rates and responses to temperature from being influenced by this slowing as maximum
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total growth is approached, this study focuses on vegetative growth during the expo-linear phase
(Jeong et al., 2003)
Given that all biological processes respond to temperature, three cardinal temperatures
summarize the relationships between these processes and temperature. These three cardinal
temperatures include the minimum temperature required for the process to occur (Tmin), the
optimal temperature at which the process occurs at its highest rate (Topt), and the maximum
temperature at which the process can occur (Tmax). Temperatures falling between Tmin and Topt
can be described as sub-optimal, and those falling between Topt and Tmax as supra-optimal.
However, the functional relationship between biological processes and temperature between
these cardinal points is difficult to portray. Typical temperature responses include an initial phase
of biological activity slowly increasing as temperatures rise above Tmin, which follows an
exponential-like pattern. Then, growth typically follows a positive linear pattern as temperatures
reach intermediate levels. As the temperature approaches Topt, these increases begin to slow, and
growth typically follows a parabola-like pattern with an apex at Topt. As temperatures rise past
Topt, activity declines following a negative linear function until activity reaches zero at Tmax. An
ideal temperature response function should require the fewest biologically relevant parameters
possible; a greater number of parameters can lead to calibration errors when modeling
temperature responses, and non-biologically significant parameters are usually highly empirical
(Walne et al., 2020; Yin et al., 2003). Evidence has also suggested that ideal temperature
response functions should follow smooth curves as the function transitions from low to high
temperatures, not rigid transitions between multiple linear functions (Cross and Zuber, 1972;
Yan, 1999). Numerous mathematical functions have been used to describe these relationships
with temperature, including linear, bilinear, multilinear, quadratic, and other advanced nonlinear
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equations, each with unique advantages and disadvantages further discussed by Yan and Hunt
(Yan, 1999) and Archontoulis and Miguez (Archontoulis and Miguez, 2015). The beta function,
a skewed probability density function in statistics, has been introduced by Yin et al. (Yin et al.,
1995) as a practical non-symmetric, unimodal nonlinear function to describe temperature
responses of crop development. This function was further simplified by Yan and Hunt (1999) to
include just two or three biologically significant parameters. Statistical parameter estimates for
this simplified function can be generated using as few as three or four data points, provided these
span Topt.
Cardinal temperatures for corn have been reported by many and are extensively reviewed
and summarized by Sánchez et al. (Sánchez et al., 2014b). However, among the studies
reviewed, differences exist in experimental design, temperature treatments, growth conditions,
varieties, and other factors, making direct comparison of the studies difficult. Additionally, many
previous studies investigating the relationship between corn growth and temperature were
conducted under highly artificial conditions where natural solar radiation levels are unattainable
or in outdoor situations where precise environmental control is complicated and inconsistent. No
single study has comprehensively unraveled the impact of temperature treatments spanning
above and below Topt for both above and below ground aspects of corn growth and development
under natural solar radiation. Our comprehensive study allows for a more reliable comparison of
the different parts of growth and development above and below ground and their response to
sub- and supra-optimal temperatures.
The objectives of this study were to: (1) quantify the effect of sub and supra optimal
temperatures on above and below ground aspects of corn vegetative growth and development, (2)
estimate cardinal temperatures for each aspect of growth and developmental parameters by
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fitting the data with best-fit mathematical functions, and (3) compare the cardinal limits among
all measured parameters.
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Materials and Methods
Experimental Facilities
This study was conducted during the 2018 growing season at the Environmental Plant
Physiology Laboratory at the Mississippi Agricultural and Forestry Experiment Station,
Mississippi State University, MS, USA (33º 28́ N, 88º 47́ W). The experiment was conducted in
sun-lit, controlled environment growth chambers called Soil-Plant-Atmosphere-Research
[SPAR] units. These units allow precise manipulation and monitoring of growing conditions
such as temperature, CO2 concentration, soil moisture, and nutrient levels while growing plants
under natural solar radiation. Each unit consists of a soil bin to hold pots, a heating/cooling unit,
and a 1.27 cm thick Plexiglas canopy, allowing 97% of the visible solar radiation to pass. The
speciﬁcations and operation of SPAR units have been detailed by Reddy et al. (2001).
Experimental Setup
Seeds of corn hybrid Agrigold A6659 (Agrigold Inc., St. Francisville, IL, USA) were
sown into 30.5 cm (height) × 15.2 cm (diameter) polyvinyl chloride (PVC) pots. These were
filled with a soil medium consisting of a 3:1 ratio by volume of pure fine sand and ground topsoil
(87% sand, 2% clay, 11% silt). These pots contained a 0.5 cm drain hole at the bottom and were
initially filled with one inch of pea gravel to aid drainage. Thirty pots were placed in each SPAR
unit with a temperature set point of 30/22°C, day/night, 70% relative humidity, and 420 ppm
CO2 to create optimum growing conditions for emergence. Pots were watered thrice per day with
full strength Hoagland’s nutrient solution (Hewitt, 1953) to ensure plant growth optimal nutrient
and moisture levels. Initially, each pot was watered for 60 seconds each irrigation event.
Irrigation volume was adjusted continuously throughout the experimental period based on
treatment-based evapotranspiration measured daily (Reddy et al., 2001). Each SPAR unit is sun76

lit; thus, all plants were grown under natural day lengths for Mississippi State, MS (33°28’N,
88°47’W) during the experimental period. A similar methodology has been used to study
temperature effects on cotton (Reddy et al., 2017), sweet potato (Gajanayake et al., 2011), and
cover crops (Munyon et al., 2021).
Treatments
Upon emergence, plants were thinned to one per pot, and temperature setpoints were
adjusted to five different day/night settings (20/12, 25/17, 30/22, 35/27, and 40/32 °C). These
setpoints were maintained throughout the experimental period (5 DAS to 33 DAS). Temperature
treatments were selected to cover a range above and below previously reported optimal
temperatures for corn, but within a range, the growth chambers could effectively, mechanically
maintain. For all temperature treatments, daytime temperature setpoints were maintained from
sunrise to sunset, and temperatures transitioned between day/night set points over 30 minutes.
The incoming daily solar radiation (285-2800 nm) was continuously monitored throughout the
experimental period using a pyranometer (Model 4-8; The Eppley Laboratory Inc., Newport, RI).
Black shade cloths with variable density were placed around the edge of each growth chamber
and regularly raised as plants grew in height to simulate the effect of natural shading by border
plants.
Data Collection
Upon imposition of the five temperature treatments (5 DAS), multiple aspects of corn
growth and development, hereafter termed parameters, were destructively measured on six
randomly selected plants every seven days. After each harvest, the plant spacings were adjusted
throughout the experiment to maintain uniformity. At each measurement event, hereafter termed
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harvest, plant height (PH, cm plant-1) was measured with a standard metric ruler as the distance
from the soil surface to the highest leaf collar. Leaf number (LN, no. plant-1) was counted as the
total leaves with a collar. The above-ground plant components were cut from the root system at
the soil level. Leaves were separated from the stem at the point of the leaf collar and measured
for leaf area (LA, cm2 plant-1) using an LI-3100 leaf area meter (LiCor Inc., Lincoln, NE, USA).
Root systems were then gently removed from the PVC pots and washed with a gentle stream of
water over a wire mesh sieve to remove soil media until roots were clean. Individual root
systems were floated in a 400 x 300 cm acrylic tray filled with 5 mm water. Roots were carefully
untangled using plastic forceps to minimize roots’ overlap to ensure quality imagery. Trays were
placed upon an Epson Expression 11000XL (Epson America, Inc., Long Beach, CA, USA)
scanner, and images were acquired at a resolution of 800 dpi. These images were analyzed by
WinRHIZO Pro 2009C software (Regent Instruments, Inc., Québec, QC, Canada). The digitized
output from the analysis quantified multiple root growth and development parameters for each
plant: root tips (RT, no plant-1), root forks (RF, no. plant-1), total root length (TRL, cm plant-1),
root surface area (RSA, cm2 plant-1), and root volume (RV, cm3 plant-1). Once plant components
were analyzed to the extent mentioned above, the separated leaves, stems, and roots were placed
into individual paper bags. Samples were oven-dried on-site at 80°C for three days to ensure a
constant weight was reached. These samples were weighed individually for dry weight
estimation of the leaves, stems, and roots.
Statistical Analysis and Curve Fitting
Growth Trends and Analysis of Variance of Observed Data
This experiment was a split-plot design with temperature treatments as the main plot and
measurement date as the subplot. PROC GLM of SAS (SAS Institute, Cary, NC, USA) was used
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to conduct ANOVA for treatment effects, harvest, and interaction. Temperature effects were
separated using the LSMEANS statement within PROC GLM at an alpha level of 0.05. Means of
each measured growth and development parameter from each treatment at each sampling period
were plotted to days after treatment imposition (DAT) to allow visual analysis and representation
of growth trends over time using Sigmaplot 13 (Systat Software, Inc., San Jose, CA, USA).
Cardinal Temperature Estimation
Means of each treatment within each sampling period were plotted as a function of
average daily temperature. These values were fitted to a modified beta function (Equation 4.1)
similar to the one described by Yan and Hunt (Yan, 1999) using the user-defined equation option
in the Regression Wizard program of Sigmaplot 13. We derived three biologically significant
statistical parameters for each harvest by fitting a simplified modified beta function to the data.
𝑇𝑜𝑝𝑡
𝑇𝑚𝑎𝑥 − 𝑡
𝑡
𝑇𝑚𝑎𝑥−𝑇𝑜𝑝𝑡
𝑔 = 𝐺𝑚𝑎𝑥(
)(
)
𝑇𝑚𝑎𝑥 − 𝑇𝑜𝑝𝑡 𝑇𝑜𝑝𝑡

(4.1)

Where g is the growth of the plant process in question, Gmax is the maximum growth
achieved at temperature Topt, Tmax is the maximum temperature at which the process could occur,
Topt is the optimal temperature at which maximum growth occurs, and t is the average daily
temperature of the treatment.
This function assumes a Tmin of 0°C, which may seem unrealistic at first thought as
previous research has indicated the minimum temperature for plants such as corn is well above
0°C. However, Yan and Hunt (1999) argue and provide evidence that this assumption can be
helpful as the equation still presents biological activity at a very low level as temperatures
approach zero. Additionally, the ascending linear phase of the beta function has an x-intercept
above zero. This intercept lowers in correlation with a lower Topt, suggesting that a lower Topt
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paired with a Tmin fixed at zero could indicate greater cold tolerance. Also, due to the nature of
the beta function, a greater range between Topt and Tmax could demonstrate greater adaptability to
a broader range of temperatures.
For each measured parameter, means from the 20/12, 25/17, and 30/22°C treatments were
fitted to a linear function (Equation 4.2) using Sigmaplot 13. Statistical parameters generated
from this function were used to estimate Tmin by extrapolating the x-intercept of the function
(Equation 4.3).
𝑌 = 𝑚𝑥 + 𝑏

(4.2)

𝑇𝑚𝑖𝑛 = −𝑏/𝑚

(4.3)

where m and b are regression constants generated from Sigmaplot 13.
Parameter Comparison
To compare the impact of average daily temperature on each parameter, estimated
cardinal temperatures from each harvest were treated as replicates and analyzed using the
CONTRAST function and LSMEANS at an alpha level of 0.05 within PROC GLM of SAS.
Parameters were pooled into four categories for further comparison among aspects of the shoot
and root growth and development: shoot growth (PH, LA, LDW, StDW), shoot development
(LN), root growth (TRL, RSA, RV, RDW), and root development (RT, RF). If no differences
were found within the individual categories, mean cardinal temperatures (Topt and Tmax) were
used to generate a simplified beta function [Equation 4.4], also introduced by Yan and
Hunt(1999). This equation represents the fractional temperature response relative to potential
Gmax on a scale of 0 to 1.
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𝑇𝑜𝑝𝑡
𝑔
𝑇𝑚𝑎𝑥 − 𝑡
𝑇
=(
)(
)𝑇𝑚𝑎𝑥−𝑇𝑜𝑝𝑡
𝐺𝑚𝑎𝑥
𝑇𝑚𝑎𝑥 − 𝑇𝑜𝑝𝑡 𝑇𝑜𝑝𝑡

(4.4)

Results
The treatments selected for this study represent temperatures above and below those
previously reported for optimum corn growth and development. We successfully created five
differing average daily growing temperatures by utilizing SPAR units set to five different
day/night temperature set points, which remained stable throughout the experimental period
(Figure 4.1). Environmental variables were continuously monitored throughout the experimental
period, and mean values for each are provided in Table 4.1.

Figure 4.1

Average daily temperatures were recorded for five temperature treatments during
the corn experiment.
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Table 4.1

Environmental parameters recorded during the experimental period: average day,
night, and day/night temperatures, average day chamber CO2 concentration, and
average day/night vapor pressure deficit (VPD) during the experimental period of
28 days.

Set temperature
(°C)

Measured Temperature (°C)

CO2 (µmol mol-1)

VPD (kPa)

Day/Night

Day

Night

Day/Night

Day

Day

Night

20/12

20.18 ± 0.03

12.66 ± 0.02

16.9 ± 0.02

441.19 ± 1.37

0.62 ± 0.01

0.60 ± 0.01

25/17

25.19 ± 0.03

17.42 ± 0.01

21.79 ± 0.03

458.61 ± 1.31

0.66 ± 0.01

0.64 ± 0.01

30/22

29.36 ± 0.03

21.95 ± 0.02

26.12 ± 0.03

424.97 ± 1.59

0.71 ± 0.02

0.68 ± 0.01

35/27

33.71 ± 0.03

26.39 ± 0.01

30.53 ± 0.03

439.39 ± 1.39

0.83 ± 0.04

0.76 ± 0.03

40/32

38.87 ± 0.02

31.35 ± 0.02

35.59 ± 0.01

456.43 ± 1.96

0.92 ± 0.06

0.83 ± 0.04

This experiment is the first study to investigate the temperature effects on root growth
during the vegetative development of a corn plant using these methods. All measured aspects of
growth and development were significantly affected by temperature and the duration of growth,
except for the number of root tips, leaf allocation percentage, and root allocation percentage
(Table 4.2). However, these three aspects were significantly affected by growth duration and
temperature independently. This interaction indicates that although these parameters were
impacted by temperature, some plant growth occurred exponentially, and the magnitude of the
impact of temperature depended on harvest timing. When fitting the data to the beta function
(Equation 4.1), this change in magnitude is accounted for by an increase in Gmax. In addition, all
parameters continuously increased as the experimental period prolonged, indicating that the five
treatments in this study were within corn’s minimum and maximum temperature range.
Visual representation of the effects of temperature on shoot and root growth and
development are shown in Figure 4.2. Corn plants grew taller with more number of leaves with
greater leaf area as temperatures increased from the 20/12°C treatment to the 35/27°C treatment.
Slight decreases in above-ground plant size can be witnessed for the 40/32°C treatment. Below
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the soil surface, similar visual trends were observed. Root systems appeared longer, thicker, and
denser as temperatures rose to the 30/22°C treatment. As temperatures rise 30/22°C, root systems
become thinner and less dense but not necessarily shallower.

Figure 4.2

Pictorial representation of corn shoot and root growth under five temperature
treatments harvested 21 days after treatment or 26 days after sowing.

83

Table 4.2

Source

Summary of analysis of variance across the harvest date (H), temperature
treatment (T), and their interaction (H × T) on different root and shoot growth,
physiological, and developmental traits measured weekly after emergence.
PH

LN

LA

LDW

StDW

RDW

TRL

RSA

RV

RT

RF

L%

***

***

***

***

***

***

***

***

***

***

***

***

***

***

***

***

***

***

***

***

***

***

***

***

HxT

***

***

***

***

***

***

***

***

***

NS

***

NS

20/12°C

e

e

e

e

d

d

e

d

c

c

d

d

c

a

25/17°C

d

d

d

d

c

b

c

b

b

b

c

c

b

b

30/22°C

b

c

b

b

a

a

b

a

a

ab

a

c

a

c

35/27°C

a

a

a

a

a

a

a

a

a

a

a

b

a

c

40/32°C

c

b

c

c

b

c

d

c

c

b

b

a

b

c

Harvest Date
(H)
Temperature
(T)

S%

R%

***

***

***

***

**

NS

Temperature+

*, **, *** represent Significance levels at P ≤ 0.05, P ≤ 0.01, and P ≤ 0.001. NS represents non-significant.

The different letters within a column for a given parameter show significant between or
among the temperature treatment at P ≤ 0.05. Values are the mean of six replications
for each harvest date at each temperature treatment. Plant height (PH), leaf number
(LN), leaf area (LA), leaf dry weight (LDW), stem dry weight (StDW), root dry weight
(RDW), the root to shoot ratio (RS), total dry weight (TDW), total root length (TRL),
root surface area (RSA), root volume (RV), root tips (RT), root forks (RF); and leaf
(L%), stem (S%), and root (R%) dry weight as a fraction of total dry weight.

Shoot Growth and Development
Plants grown at low temperature showed a linear trend over the 28-day experimental
period and increases in height became exponential in growth pattern as temperature increased
(Figure 4.3a). Plant height (PH) was the greatest under the 35/27°C treatment throughout the
experiment, followed by the 30/22°C and then 40/32°C treatment, indicating that this growth
parameter may be more sensitive to supra-optimal temperatures than sub-optimal temperatures
(Table 4.2). Fitting our data to the modified beta function determined PH to be the greatest at
30.2°C (Topt), with growth estimated to reach zero at a maximum of 38.9°C (Tmax) and a
minimum of 11.5°C (Tmin) (Figure 4.3d, Table 4.3).
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Figure 4.3

Temporal trends of above-ground corn growth and developmental parameters, (A)
plant height, (B) the number of leaves, and (C) leaf area under five differing
temperature treatments and estimated growth rates from the weekly measurements
as a function of average temperature for (D) Stem elongation rate, (B) leaf
additional rate, (F) leaf area expansion rate.

The above-ground growth and developmental rates fit a modified beta function model. All values
are the mean ±standard error of six replications at each harvest under each treatment.
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Plants increased their number of collared leaves per plant during the 28-day experimental
period linearly as time progressed for all treatments (Figure 4.3b). Leaf number (LN) was
greatest under the 35/27°C treatment, followed by the 40/32°C and the 30/22°C treatment. This
suggests that corn leaf development may be less sensitive to higher temperatures than lower
temperatures. Previous research indicates that plant phenological events such as leaf initiation
and development are a function of accumulated units of heat beginning at planting. Thus, as
opposed to other parameters being fit to the average daily temperature during the experimental
period (5 DAS to 33 DAS), leaf number development was fit to Equation 4.2 as a function of
cumulative average temperature post sowing (0 DAS) at each harvest. Therefore, the average
cumulative temperature for some treatments changed as the experiment prolonged as plants were
grown at a temperature setpoint of 30/22°C from sowing until emergence. Leaves did not show
any visual damage at the high temperatures and developed the fastest at an average Topt of
32.5°C, and leaf addition rate ceased below a Tmin of 5.5°C and above a Tmax of 46°C (Figure
4.3e, Table 4.3). In a study conducted using similar experimental facilities (SPAR units) as ours,
Kim et al. (2007) found the optimal and maximum temperature for leaf addition rate to be 32°C
and 44°C, respectively. However, this study used slightly different methods to determine leaf
number and considered leaf addition rate as the appearance of leaf tips. Yan and Hunt (1999) fit
leaf appearance data from experiments conducted by Tollenaar et al. (1979) and Warrington and
Kanemasu (1983) to a modified beta function and estimated a Topt and Tmax for leaf appearance
rate of around 31.5°C and 41°C. These estimates are lower than our findings and Kim et al.
(2007).
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Table 4.3

. Modified beta function parameter estimates and cardinal temperatures (Topt and
Tmax).

Parameter, Unit

Topt

Tmax

R2

Est Tmin

R2

PH

30.21

38.85

0.8995

11.47

0.8995

LN

34.62

55.08

0.8992

-0.38

0.8992

LA

30.65

38.27

0.97

11.93

0.97

LDW

30.81

38.1

0.9689

12.68

0.9503

StDW

30.57

37.43

0.9588

13.27

0.9269

RDW

28.66

39.1

0.8911

7.55

0.8837

TRL

28.93

40.35

0.9175

3.92

0.8858

RSA

28.28

40.14

0.8972

1.89

0.8764

RV

28.13

38.91

0.8847

4.11

0.8566

RT

30.47

41.71

0.8912

8.31

0.8243

RF

29.96

39.68

0.8421

9.33

0.821

The estimated minimum temperature (Tmin) was calculated as the intercept of a linear function of
the mean values for the first three harvest measurements. All cardinal temperature estimates are
the mean of estimates at all four harvests for all growth and developmental parameters; PH –
plant height, LN – Lean number, LA – whole plant leaf area, LDW – whole plant leaf dry
weight, StDW – whole plant stem dry weight, RDN – root dry weight, TRL – total root length,
RSA- root surface area, RV – root volume, Rt – root tips, and RF – root forks.
Leaf area (LA) per plant increased during the experimental period following classical
expo-linear growth typical for many biological processes (Jeong et al., 2003). The leaf area
showed the greatest growth occurring under the 35/27°C treatment and the lowest at the 20/12°C
treatment (Figure 4.3c). The relationship between average temperature during the experimental
period and LA was described by a Topt of 30.7°C, Tmax of 38.3°C, and Tmin of 11.9°C (Figure
4.3f, Table 4.3). In agreement with our results, Bos et al. (2000) found that as temperatures
decreased from their highest temperature treatment of 28/23°C, corn leaf growth rates declined.
Yan and Hunt (1999) fit data from an experiment conducted by Barlow et al. (1977) to a
modified beta function and determined leaf elongation to have a Topt of 32.6°C and a Tmax of
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40.1°C, both higher than the values estimated from this experiment. However, in this
experiment, whole plant LA was measured as opposed to Barlow et al. (1977), who measured the
rate of individual leaf elongation. Whole plant LA is a function of leaf initiation and the
expansion of those initiated leaves.
Root Growth
Total root length (TRL) increased over time for all treatments, following a mostly linear
growth pattern (Figure 4.4a). TRL had a Tmin, Topt, and Tmax of 3.92°C, 28.93°C, and
40.35°C, respectively (Figure 4.4d, Table 4.3). TRL was the greatest under the 35/27°C
treatment, followed by the 30/22°C treatment. Only the 20/12°C treatment had a lower TRL than
the 40/32°C treatment, suggesting that corn root length growth may be severely limited by higher
than optimal temperatures (Table 4.1).
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Figure 4.4

Temporal trends of corn (A) total root length, (B) root surface area, and (C) root
volume under five temperature treatments and estimated mean growth rates from
the weekly measurements as average function temperature for (A) total root length,
(E) root surface area, and (F) root volume (F).

A modified beta function model best described the biomass accumulation rates of various root
growth parameters as a function of temperature. All values are the mean ± standard error of six
replications at each harvest under each treatment.
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Differing from root growth in length, root surface area (RSA) expanded as time
progressed, following a pattern resembling expo-linear growth (Figure 4.4b). RSA was the
greatest at both the 30/22°C and the 35/27°C treatment. This aspect of root growth may be
optimized at a broader range of temperatures than the total root length (Table 4.1). RSA had a
Topt and Tmax similar to TRL, 28.3°C and 40.1°C, respectively; however, Tmin for RSA was
estimated lower than TRL at 1.9°C (Figure 4.4e, Table 4.3).
Roots expanded their volume following expo-linear growth as time progressed through
the experimental period (Figure 4.4c). Similar to root surface area expansion, root volume (RV)
was the greatest under the 30/22°C and 35/27°C treatment, and the lowest values were observed
under the 20/12°C treatment (Table 4.1). The optimum temperature for RV expansion was like
other aspects of root growth with an estimated Topt of 28.1°C. However, RV had a lower Tmax
(38.9°C) than TRL and RSA. The Tmin for RV was estimated to be 4.1°C, which is higher than
RSA (Figure 4.4f, Table 4.3). Other studies have observed similar responses of root growth to
temperature. As temperatures decreased from 30.5 to 15°C, Cutforth et al. (1986) reported a
decrease in root growth rate; however, no supra-optimal temperatures were included in the
treatments. Lal (1974) reported that maize seedlings grown at constant temperatures above 35°C
significantly declined in shoot and root growth.
Root Development
Over time, root tip (RT) development appeared to follow a linear trend throughout the
experimental period. In contrast, root fork (RF) development followed an exponential pattern,
with growth becoming more linear from 14 DAT to 28 DAT (Figure 4.5a). The development of
RT was the greatest under the 35/27 °C treatment, although this treatment was not significantly
different from the 30/22°C treatment. Values under the 30/22 °C treatment were closely related
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to the 25/17 °C and 40/32°C treatment (Table 4.1). For RT development, carinal temperatures
Tmin, Topt, and Tmax were estimated to be 8.3°C, 30.5 °C, and 45.7°C, respectively (Figure 4.5c,
Table 4.3). Similar to root growth aspects of RSA and RV, root fork (RF) development was the
greatest under the 30/22°C and 35/27°C treatment (Figure 4.5b). RF development was estimated
to have a Topt of 30.0 °C, a Tmax of 39.7°C, and a Tmin of 9.3 °C (Figure 4.5d, Table 4.3).
Previous research aligns with the findings in this study, suggesting the root development of
maize is sensitive to cooling temperatures. Wijewardana et al. (2015) found that when corn
hybrids were grown at 29/21, 25/17, and 21/13 °C, decreasing temperature led to significant
declines in all rooting parameters, including RT and RF development.
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Figure 4.5

Temporal trends of corn root developmental parameters (A) root tips and (B) root
forks under five differing temperature treatments and estimated mean root
developmental rates measured at weekly intervals presented as a function of
average temperature for (C) root tips and (D) root forks. A modified beta function
model best-described biomass accumulation rates of various root developmental
rates as a function of temperature. All values are the mean ±standard error of six
replications at each harvest under each treatment.

Biomass Accumulation
In this study, all aspects of dry weight accumulation increased following a classical
exponential or linear growth and developmental patterns, depending on the parameter, during the
28 d experimental period (Figure 4.6). Temperature effects on leaf dry weight (LDW)
accumulation were similar to those observed for plant height and leaf area expansion, with the
highest values observed under the 35/27 °C treatment followed by the 30/22 °C treatment. LDW
accumulation was estimated to have a Tmin of 12.7 °C, Topt of 30.8 °C, and Tmax of 38.1 °C
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(Table 4.3). Stem dry matter (StDW) accumulation treatment effects differed from LDW
accumulation, with the greatest accumulation occurring under the 30/22 °C and 35/27 °C
treatment and the second-highest accumulation occurring under the 40/32 °C treatment (Table
4.1). StDW accumulation was estimated to have similar cardinal temperatures to LDW, with a
Topt, Tmax, and Tmin of 30.6, 37.4, and 13.3 °C, respectively (Table 4.3). Root dry weight (RDW)
accumulation was the greatest for plants grown under the 30/22 and 35/27 °C treatment (Table
4.2). Cardinal temperatures for RDW accumulation were estimated to be 28.7 °C for Topt, 39.1
°C for Tmax, and 7.6 °C for Tmin (Table 4.3).
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Figure 4.6

Temporal trends of plant dry weight components, (A) leaf dry weight, (B) stem dry
weight, and (C) root dry weight for plants grown at different temperatures., and
mean biomass accumulation rates of various plant components, (A) leaf, (D) stem,
and ((E), and (F) roots as a function of temperature. A modified beta function
model best described the biomass accumulation rates of various plant components
as a function of temperature. All values are the mean ±standard error of six
replications at each harvest under each treatment.
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Biomass Partitioning
Leaf biomass allocation percentage temporally remained stable throughout the
experimental period for plants grown at high and low temperatures and declined for plants grown
at more optimal temperatures as time progressed (Figure 4.7a). On average, throughout the entire
experimental period, leaves acquired the largest percentage of total plant biomass under the
warmest temperature treatment, 40/32°C, and the lowest percentage biomass under the coolest
treatment (Figure 4.7d) . Stem biomass allocation percentage was the lowest 7 DAT and
increased slightly as time progressed (Figure 4.7b). The largest increase occurred between the 7
DAT and 14 DAT sampling periods. Stem biomass allocation percentage was the highest under
the 30/22 °C and 35/27 °C treatment and the lowest under the coolest treatment, 20/12 °C
(Figure 4.7e). Root biomass allocation percentage was the highest at 7 DAT and decreased
before stabilizing from 14 DAT to 28 DAT (Figure 4.7c). Differing from leaf and stem biomass
allocation percentages, root allocation was the highest under the 20/12 °C treatment and the
lowest under the 30/22, 35/27, and 40/32 °C treatment (Figure 4.7f). Our results agree with those
reviewed by Porter et al. (2012), who suggested that plants often decrease the fraction of biomass
allocation to stems and leaves while increasing the allocation percentage to roots under low
temperatures. This change in allocation could be an attempt to compensate for reduced water
uptake rates often observed under low temperatures. Greater partitioning to the root system at
lower temperatures could also be due to lower demand for photosynthates from above-ground
parts experiencing lower growth rates (Reddy et al., 2017).
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Temporal trends of corn biomass allocation to various plant components (A)
leaves, (B) stems, and (C ) roots and average biomass partitioning as a function of
temperature for (D) leaves, (E) stems, and (F) roots.
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Discussion
Vigorous shoot growth and leaf development during early vegetative growth are crucial
to establishing a crop’s photosynthetic capacity and competitiveness against pests. In addition,
these are critical foundations of yield potential and stress tolerance throughout the growing
season. Therefore, factors controlling the production of new leaves, the duration of leaf area
expansion of each leaf, and stem extension could affect yield (Reddy et al., 2013).
The mean cardinal temperatures of PH, LA, LDW, and StDW were calculated to
represent an overall summary of shoot growth. Our results conclude a Tmin of 12.5 °C, a Topt of
30.5°C, and a Tmax of 38.9 °C. In reviewing temperature effects on corn, Sánchez et al. (2014b)
provided estimated cardinal temperatures for shoot growth derived from literature. These
reported values included a Tmin of 10.9 °C, lower than our results; a Topt of 31.1 °C, higher than
our results; and a Tmax of 38.9 °C, precisely in line with our results.
The only shoot development aspect measured in this study was LN; thus, shoot
development had a Tmin, Topt, and Tmax of 5.5, 32.5, and 46.0 °C, respectively. It is widely
understood that temperature drives phenological development in plants. Therefore, particularly in
crops of agronomic importance, thermal indices use heat units to estimate the progress a plant
has made throughout its life cycle. In corn, vegetative growth stages are commonly described by
providing the number of collared leaves the plant has formed. Thus, by measuring the impact of
temperature on leaf development, we measure the impact of temperature on shoot development
and the impact of temperature on the plant’s overall phenological development.
However, our results indicate that corn may maintain some development outside the
temperatures used for thermal indices, such as the corn growing degree day (GDD) model
explained by Angel et al. (2017). In this corn GDD model, a base temperature of 10°C is used,
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well above the estimated Tmin calculated in this study. The model also assumes that optimal
development occurs around 30°C and that supra-optimal temperatures do not negatively impact
development. Our results estimate that vegetative development rates continue to increase until a
Topt of 32.5°C is reached, and further increases in average daily temperature result in a decline in
developmental rates.
A plant’s productivity is directly related to its root system’s ability to explore soil and
forage for moisture and nutrients and its morphological capacity to uptake water and nutrients.
Total root length, root surface area, and root volume are good indicators of root size and function
and represent the vastness of soil the root system can access and therefore are helpful to evaluate
nutrient and water uptake efficiency and performance under stressful conditions (Hammer et al.,
2009; Reddy et al., 2017).
Overall cardinal temperatures for root growth were calculated as the average of TRL,
RSA, RV, and RDW. These averages resulted in a Tmin of 3.7 °C, a Topt of 28.3 °C, and a Tmax of
38.9 °C. The previous reporting of cardinal temperatures on root growth is limited, but Sánchez
et al. (Sánchez et al., 2014b) presented estimates derived from multiple studies. These findings
were much higher than ours were for Tmin (12.6 °C), lower than our results for Topt (26.3 °C), and
higher than our results for Tmax (40.2 °C).
Water and nutrient uptake occur more predominately near the root tips due to the high
expression of nutrient transporters and water channels than in other parts of the root system; thus,
these plant structures are critical for a healthy, productive plant (Dinneny, 2019). Root forks can
be a good indicator of root branching, and the complexity of a plant’s root system architecture
and root system branching provides a means to increase the expanse of soil reached and explored
by a plant. Root system branching can exponentially increase the number of root tips and thus
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active absorptive surface area compared to root elongation alone (Dinneny, 2019). Cardinal
temperatures for root development were calculated as the mean of RT and RF with a Tmin, Topt,
and Tmax of 7.8, 30.2, and 40.8 °C, respectively. To our knowledge, there are no reported cardinal
temperatures for root development.
Dry matter accumulation is a good indicator of the ability of a plant to turn sunlight into a
carbon source and then partition the source to various sinks throughout the plant. Although the
cardinal temperatures differed between LDW, StDW, and RDW, calculation of the overall
cardinal temperatures for total dry matter (TDW) accumulation provides insight into the plant’s
ability to produce photosynthates that respond to temperature. TDW accumulation was best
described by a Tmin, Topt, and Tmax of 13.5, 30.5, and 38°C, respectively.
The biomass fraction present in various plant structures relative to the entire plant’s total
biomass is not fixed and may vary across time and environmental conditions. However, biomass
allocation is considered a strong driver of a plant’s capacity to produce carbon and uptake water
and nutrients. It, therefore, is an indicator of which of these functions a plant is prioritizing or of
deficiencies the plant may be compensating for (Poorter and Sack, 2012). This study found that
plants partitioned more dry weight to the root systems under sub-optimal temperatures. At supraoptimal temperatures, plants partitioned more dry weight to the leaves. The greatest dry weight
partitioning to the plant stem occurred when temperatures were closest to Topt. High partitioning
to the plant stem around Topt could be a result of the plant maximizing photosynthesis and
producing more photosynthates than is required to meet the demands of root and leaf growth.
Following the methods outlined in Material and Methods section “Parameter
Comparison”, cardinal temperatures generated from each sampling period were utilized as
individual replicates and tested for differences among shoot growth, shoot development, root
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growth, and root development categories. Normalized values were fit to a simplified beta
function representing the relative response to the temperature of these four growth and
development categories: shoot growth, and development and root growth and development
(Figure 4.8). No differences were found among the individual parameters within each category.

Figure 4.8

A simplified modified beta function best described the mean response of shoot
growth, shoot development, root growth, and root development to temperature.

Estimated minimum shoot and root development temperatures were the lowest among the
four groups, with an average Tmin of 5.5 and 3.7°C, respectively, with shoot growth having the
highest Tmin of 12.5°C. Optimal temperatures also were significantly different. Shoot
development was estimated to have the highest Topt at 32.6°C, and root growth was estimated to
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have the lowest Topt at 28.3°C. Maximum temperatures were the lowest for both shoot and root
growth at 38.9°C and the highest for shoot development at 46.0°C.
Understanding potential growth and development under optimal conditions is useful
when optimizing crop simulation models (Reddy et al., 1997) and creating simple models for
field application (Reddy et al., 2015; Alsajri et al., 2019). The potential growth and development
values for each parameter in this study were derived from the modified beta functions fit to the
data at each harvest shown in Figures 4.4-4.6. These values varied among each parameter and
increased over time (Figure 4.9). Functional algorithms were fitted to each parameter to describe
its potential behavior over time (Table 4.4). Corn mainstem leaves, root tips, root length, and
root surface area increased linearly (Figure 4.9). In contrast, plant height, leaf area development,
root forks, and root volume increased exponentially over time. The functional algorithms could
estimate potential corn shoot and root growth parameters at any given location for any given
sowing date. Additionally, the algorithms could improve the existing corn models (Jones et al.,
1986; Lizaso et al., 2003; Y et al, 2009) by enhancing their functionality. Both complex and
straightforward crop simulation models will potentially utilize emerging precision agriculture
technology (Thorp et al., 2014).
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Figure 4.9

Estimated potential corn growth and developmental parameters from the fitted
modified beta functions model as temperature at various harvests.
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Table 4.4

Regression parameters and coefficients of corn estimated maximum growth values
over time at optimum temperature for all shoot and root morphological parameters
of corn.

Parameters

Regression parameters

coefficients

a

b

c

r2

-

0.7255

0.0805

0.99

0.8313

0.3625

-

0.98

88.51

-51.483

9.0394

0.99

Root tips, no. plant-1

0

2006.3

-

0.98

Root forks, no. plant-1

0

33.31

1.0205

0.99

429.60

0.7432

-

0.99

-293.25

95.39

-

0.97

2.548

-0.4813

0.0678

0.99

Plant height, cm
Mainstem leaves, no.
Leaf area,

cm2

plant-1

Root length, cm

plant-1

Root surface area,
Root volume,

plant-1

cm3

cm2

plant-1

plant-1

([Y = a + bx for linear; Y = a + bx + cx2 for quadratic), where Y is the plant parameter and x is
days after sowing.
The potential root and shoot growth and developmental parameters under optimum
temperature conditions (Figure 4.9 and Table 4.4) and the relative response indices (Figure 4.8)
under a wide range of temperatures under sun-lit conditions similar to field environments should
be helpful to develop new subroutines or improve corn simulation models (Jones and J., 1986;
Lizaso et al., 2003; Y. et al., 2009) for field applications and in policy areas (Jägermeyr et al.,
2020). In addition, the influence of other environmental stress actors such as ultraviolet-b
radiation (Reddy et al., 2013), soil waterlogging (Walne et al., 2021), nutrients (Zhao et al.,
2003), and water stress (Wijewardana et al., 2017) on corn growth and developmental processes
are required to decrease the corn growth under field conditions further. Future research should
also address reproductive yield and grain quality as a function of temperature under optimum
water and nutrient conditions.
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CHAPTER V
DEVELOPING FUNCTIONAL RELATIONSHIPS BETWEEN SOIL WATERLOGGING
AND CORN SHOOT AND ROOT GROWTH AND DEVELOPMENT
Abstract
Short- and long-term waterlogging conditions impact crop growth and development,
preventing crops from reaching their true genetic potential. Two experiments were conducted
using a pot-culture facility to better understand soil waterlogging impacts on corn growth and
development. Two corn hybrids were grown in 2017 and 2018 under ambient sunlight and
temperature conditions. Waterlogging durations of 0, 2, 4, 6, 8, 10, 12, and 14 days were
imposed at the V2 growth stage. Morphological (growth and development) and pigment
estimation data were collected 15 days after treatments were imposed, 23 days after sowing. As
waterlogging was imposed, soil oxygen rapidly decreased until reaching zero in about 8–10 days;
upon the termination of the treatments, the oxygen levels recovered to the level of the 0 days
treatment within 2 days. Whole-plant dry weight declined as the waterlogging duration
increased, and after 2 days of waterlogging, a 44% and 27% decline was observed in
experiments 1 and 2, respectively. Leaf area and root volume showed an exponential decay
similar to the leaf and root dry weight. Leaf number and plant height were the least sensitive
measured parameters and decreased linearly in both experiments. Root forks were the most
sensitive parameter after 14 days of waterlogging in both experiments, declining by 83% and
80% in experiments 1 and 2, respectively. The data from this study improve our understanding of
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how corn plants react to increasing durations of waterlogging. In addition, the functional
relationships generated from this study could enhance current corn simulation models for field
applications.
Introduction
Waterlogging is a severe abiotic stress occurring when the soil profile surrounding a
plant’s root system becomes oversaturated with excess water. Waterlogging is part of the broader
stress of flooding, which encompasses both situations where the soil profile is oversaturated and
when visual ponding occurs above the soil surface (Bailey-Serres et al., 2012). Waterlogging can
occur anytime soil moisture levels rise above the field capacity. Water inputs exceed a soil’s
ability to move water off the soil surface and drain internally. Excessive moisture levels result in
the aerated pore space filling with water. A water-filled pore space leads to soil oxygen levels
rapidly depleting as the transfer of oxygen and other gasses is blocked between the soil and the
atmosphere. Oxygen diffuses 10,000 times more slowly in water than in air (Geigenberger, 2003;
Kaur et al., 2017). Excess moisture can come from extreme rainfall events, over-irrigation, and
rainfall occurring soon after irrigation, among other factors (Kirkpatrick et al., 2006). Poor soil
structure caused by natural or human influences may also restrict the internal drainage within the
soil and further worsen waterlogging (Batey, 2009). As the soil remains waterlogged, the soil
redox potential declines (Kaur et al., 2019), and the accumulation of reduced substances can
reach phytotoxic levels (Drew, 1997). Additionally, soil pH has been reported to increase due to
protons’ consumption by reducing Fe and Mn oxides (Kaur et al., 2017). However, Drew et al.
(1994) suggests that the shortage of the oxygen available to plant roots is still the main factor
restricting plant productivity.
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Globally, waterlogging restricts an estimated 10–12% of all agricultural lands annually
(Li et al., 2015), and flooding affects over 17 million km2 of land surface (Kaur et al., 2020).
Waterlogging ranked second to drought in the United States in terms of abiotic stress’
contribution to crop production losses from 2000 to 2017 (Bailey-Serres, 2012; National
Academies of Sciences, 2019). Early research suggests that 15.7% of US agricultural soils are
impaired by wet conditions, and 16.4% of crop insurance payments from 1939 to 1978 resulted
from excessive water (Boyer, 1982). Despite waterlogging appearing as a significant limiting
factor to agriculture throughout history, the harmful impacts on production have worsened
following increases in extreme precipitation events over the past 50 years (Bailey-Serres et al.,
2012). These extreme precipitation events include a general upward trend of total precipitation
correlated with an increased frequency of heavy and extreme precipitation events (Mallakpour et
al., 2015). Global climate models consistently forecast these trends into the future (Knapp et al.,
2015). Specifically, in the Lower Mississippi River Alluvial Valley (LMRAV), increasing trends
in annual precipitation and mean wet days are occurring (Ouyang et al., 2020). For example,
spring precipitation was reported in the northern LMRAV; conversely, precipitation in the
southern LMRAV increases more in the fall, often related to hurricane formation (Ouyang et al.,
2020). As target-planting dates for corn are pushed earlier into the spring, corn will be
increasingly vulnerable to extreme moisture levels during early vegetative growth stages.
Previous research outlines waterlogging as a significant yield-limiting factor for corn
production. Singh et al. (2016) indicated that yields in low-lying topographic areas were
significantly lower when waterlogging occurred. Waterlogging for 10 days has been reported to
significantly reduce yields, dry matter accumulation, and canopy height (Zaidi et al., 2004). Field
studies have suggested a 4.69% decline in yield for each day of waterlogging up to seven days
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compared to the non-flooded control (Kaur et al., 2017). Research has also established that corn
is more vulnerable at early growth stages; Ren et al. (2016) report a more significant yield loss
occurring from six days of waterlogging occurring at V3 than V6 and VT.
Although the research indicates the damaging effects of waterlogging on corn yield, no
systematic evaluation of the impact of various waterlogging durations on corn morphology has
been conducted to our knowledge. A systematic study will help unravel the relationships
between the duration of waterlogging stress, soil oxygen levels, and corn morphological growth
and development. In addition, field studies examining the impact of waterlogging on corn
production can be influenced by confounding factors such as nitrogen availability post
waterlogging. The same rainfall events that cause waterlogging can disrupt nitrogen availability
through runoff and leaching. The low oxygen environment arising under waterlogging conditions
also creates a favorable environment for further nitrogen loss through denitrification. For
example, Kaur et al. (2017) concluded that additional rescue N applications at V10 helped reduce
some yield reduction compared to non-treated controls when plants were waterlogged for seven
days at the V6 growth stage. Therefore, identifying and isolating the impact of waterlogging on
corn morphological dynamics would be best conducted under conditions in which plant nutrients
are freely available and non-limiting for plant uptake.
The objectives of this study were to: (1) quantify the effects of increasing durations of
waterlogging from 0 to 14 days occurring at an early vegetative growth stage on the shoot and
root morphology, (2) determine relationship trends between waterlogging duration, soil O2, and
growth and development parameters, and (3) compare the magnitude of the impact of
waterlogging stress among all measured growth and development parameters.
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Materials and Methods
Experimental Facilities
Two experiments (Experiment 1, Exp. 1; Experiment 2, Exp. 2) were conducted outdoors
in pots during the 2017 and 2018 growing seasons at the Environmental Plant Physiology
Laboratory at the Mississippi Agricultural and Forestry Experiment Station, Mississippi State
University, MS, USA (33◦280 N, 88◦470 W). The pot-culture facility includes 30.5 × 15.2 cm
polyvinylchloride (PVC) pots constructed with a small drain hole at the bottom. The pots were
arranged in a twin-row configuration with extra border pots on both ends. A drip irrigation
system combined with a customized nutrient solution provided precise control over soil moisture
and nutrition. Rain shelters were constructed as mini hoop-houses and placed over the pots
during the experimental period to ensure outside precipitation did not affect the experiment.
These rain shelters were built with clear plastic so as not to inhibit photosynthetically active
radiation. In addition, they were well ventilated to prevent extreme temperature elevation. The
environmental conditions, including temperature, CO2 level, and solar radiation, under which
each experiment was conducted are provided in Table 5.1.
Table 5.1

Average air and soil temperatures and average daily solar radiation measured
during the experimental period along with the standard errors of the mean.
Air Temperature,

Soil Temperature,

Solar Radiation,

°C

°C

MJ m−2 d−1

Exp. 1

24.73 ± 0.41

25.32 ± 0.14

17.72 ± 0.94

Exp. 2

27.85 ± 0.30

29.47 ± 0.25

26.68 ± 0.84

Experiment
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Experimental Set-Up
Six polyvinyl (PVC) pots (15.24 cm diameter, 30.48 cm height, and 5.5 L volume) per
treatment were initially filled with one inch of clean pea gravel to aid drainage. The pots were
then filled with growth media consisting of a 3:1 ratio of fine sand (particle size less than 0.3
mm) and ground topsoil (with 500 g gravel at the bottom of each pot. The soil medium is
classified as sandy loam with 87% sand, 2% clay, and 11% silt. Four seeds were initially sown in
each 30.5 cm × 15.2 cm polyvinylchloride (PVC) pot. Upon emergence, the plants were thinned
to one plant per pot. Each pot was irrigated with a full-strength Hoagland’s complete nutrient
solution (Hewitt, 1953) thrice per day for 90 s throughout the experiment to ensure that the pots
were maintained at field capacity. This solution provides that all necessary nutrients are readily
available for plant uptake. Similar pot culture facilities and methods have been used to study
soybean and moisture stress (Wijewardana et al., 2019), rice and moisture stress (Lone et al.,
2019), rice and salinity stress (Kakar et al., 2019), cowpea and drought stress Singh et al., 2011),
and sorghum and nitrogen stress (Zhao et al., 2005).
Plant Materials
Two corn hybrids were tested during this study. Pioneer P2089VYHR (Corteva, Inc.,
Wilmington, DE, USA) was grown in the first experiment, and Agrigold A6659 (Agrigold Inc.,
St. Francisville, IL, USA) was grown in the second.
Waterlogging Treatments
Soil moisture was maintained at optimal field capacity until the plants reached the second
leaf (V2) growth stage. Waterlogging treatments were imposed by plugging the drain hole at the
bottom of each pot with a small wooden peg. The treated pots were filled to the soil surface with
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the Hoagland’s nutrient solution. Water levels were continuously monitored twice each day to
ensure that the treatments were continuously maintained for the appropriate assigned duration.
Apogee SO-110 soil oxygen sensors (Apogee Instruments, Inc., Logan, UT, USA) were placed
into three randomly selected pots per treatment to continuously monitor the soil oxygen level and
temperature throughout the experimental period. Once the duration of treatment had passed, the
wooden drain plug in the respective experimental unit was removed, and the pot was fully
drained. Soil moisture was then maintained at field capacity for the duration of the experiment.
The treatments included a 0 days treatment, which we considered the control treatment,
displaying the plant’s potential under non-waterlogged conditions, and 2, 4, 6, 8, 10, 12, and 14
days of waterlogging.
Measurements
The measurements detailed below were collected at the final harvest, 15 days after the
treatments were initially imposed (DAT) and 23 days after the seeds were sown (DAS).
Pigment Estimation
The leaf chlorophyll content (CHL, µg/cm2 ), flavonoids (FLAV, unitless), anthocyanins
(ANTH, unitless), and nitrogen balance index (NBI, unitless) were measured on the uppermost
leaf with a developed collar using a handheld Dualex® Scientific instrument (Force A DX16641,
Paris, France).
Shoot Morphology
Plant height (PH, cm plant−1) was measured by hand with a standard metric ruler as the
distance from the soil surface to the highest leaf collar. Leaf number (LN, no. plant−1) was
counted as the total number of fully developed leaves with a collar. The plants were then cut at
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the soil surface; all leaf material was separated from the stem and measured for leaf area (LA,
cm2 plant−1) using an LI-3100 leaf area meter (LiCor Inc., Lincoln, NE, USA).
Root Morphology
After the above-ground plant parts were removed, root systems and soil media were
gently removed from the PVC pots and washed with a gentle stream of water over a wire mesh
sieve to remove soil media until the roots were clean. Individual root systems were floated in a
400 × 300 cm acrylic tray filled with 5 mm water. Once placed on the trays, the roots were
carefully untangled using plastic forceps to minimize roots’ overlap to ensure quality imagery.
An Epson Expression 11000XL scanner captured root morphology images at a 800 dpi
resolution (Epson America, Inc., Long Beach, CA, USA). These images were analyzed by
WinRHIZO Pro 2009C software (Regent Instruments, Inc., Québec, QC, Canada). The digitized
output from the analysis quantified the multiple root growth and development parameters for
each plant: root tips (RT, no plant−1), root forks (RF, no plant−1), total root length (TRL, cm
plant−1), root surface area (RSA, cm2 plant−1), and root volume (RV, cm3 plant −1).
Biomass Allocation
After the plant components were measured as aforementioned, separate plant parts were
individually bagged. The samples were oven-dried on-site at 80 °C for three days to ensure a
constant weight was reached. These samples were weighed for leaf dry weight (LDW, g plant−1),
stem dry weight (StDW, g plant−1), and root dry weight (RDW, g plant−1). The total dry weight
(TDW, g plant−1) was calculated as the sum of all three components per plant.
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Waterlogging Stress Response Index
A waterlogging stress response index (WSRI) was calculated for each measured
parameter to normalize the impact of flood stress on a comparable scale. This index was derived
from the environmental productivity index (EPI) concept initially introduced (Nobel, 1984) to
model the impact of multiple environmental stresses on cactus productivity. Reddy et al. (2008)
also used the EPI concept to model the effect of multiple environmental stresses on cotton
(Gossypium hirsutum) photosynthesis.
This study modified the EPI concept to model the waterlogging impact on multiple plant
growth and development traits. The WSRI concept involves normalizing each parameter’s meanobserved values by dividing the mean values under stress by the value of the respective
parameter under the 0 days treatment or control conditions. Thus, the indices’ values range from
1, where waterlogging stress is not limiting the parameter, to 0, where waterlogging is entirely
limiting. We can use this method to normalize data to compare waterlogging’s impact among
parameters measured with different units. The values portray a fractional value of maximal
potential performance for each parameter of each hybrid. The index values were derived using
Equation 5.1.
𝑊𝑆𝑅𝐼𝑝𝑡 =

𝑝𝑡
𝑝𝑐

(5.1)

where WSRIpt is the waterlogging stress response index of parameter p at treatment t, pc
is the value of parameter p at 0 days of waterlogging (control), and pt is the parameter p at
treatment t.
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Statistical Analysis
In both experiments, a completely randomized design (CRD) was utilized. The treatments
were randomly assigned to experimental units (pots) in both experiments. In addition, this study
included using two different hybrids, with each utilized in a separate experiment. Thus, the
analysis was conducted as two independent experiments, and no direct statistical comparisons
were made between the two hybrids. A similar experimental design and analysis were performed
by Reddy et al. (2013) to model the effects of UV-B radiation on two separate corn genotypes.
The analysis of variance testing was completed using the PROC GLM procedure in SAS
9.2 to determine the significance of treatment effects. Treatment means were separated using
Fisher’s LSD at an alpha level of 0.05 (SAS Institute, Cary, NC, USA). Graphing and graphical
functions were created using SigmaPlot 13 (Systat Software, Inc., San Jose, CA, USA).
Results and Discussion
In both experiments, soil waterlogging treatments significantly affected all plant growth,
development, and physiology parameters except for the root: shoot ratio and flavonoids index
(Table 5.2). Visually, as the waterlogging duration increased, the plants were stunted with
smaller and fewer leaves (Figure 5.1A). In addition, increasing the waterlogging durations below
the soil surface caused the root systems to appear thinner and shallower (Figure 5.1B).
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Figure 5.1

Pictorial representation of waterlogging effects on corn (A) shoot and (B) root
growth during Experiment 1. The pictures were taken at the final harvest, 15 days
after treatment, and 23 days after planting.
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Environmental Conditions and Soil Oxygen
During the experimental period of both experiments, the treatments significantly
decreased the soil oxygen fraction (Figure 5.2). Pots subjected to the 0 days treatment, which we
considered the control, maintained a steady soil O2 fraction throughout the experimental period.
The average soil O2 fraction for the 0 days treatment was 19.6 for Experiment 1 (Exp. 1) and
18.54 for Experiment 2 (Exp. 2). As treatments were terminated at the end of each treatment
period, the pots rapidly drained, and the soil O2 fraction quickly recovered. Oxygen approached
the equivalent level of the 0 days treatment within 2 days of respective treatment termination.
Overall, the soil O2 fraction was lower for the 0 days treatment for Exp. 2 and declined faster as
the treatment duration was prolonged. The discrepancy of the soil O2 fraction and the decline
rate between the two experiments may be due to the observed differences in air temperature, soil
temperature, and solar radiation during the two experimental periods (Table 1). Specifically, air
temperature and soil temperature were warmer, and daily solar radiation was higher during Exp.
2.
Further, the warmer environmental conditions may explain the higher growth potential
observed under the 0 days treatment in Exp. 2. However, due to the experimental design of this
study, the effects of different hybrids cannot be statistically separated from the impact of
environmental conditions and their interaction. Therefore, each experiment was independently
analyzed, and no direct comparisons between the hybrids were made.
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Figure 5.2

Changes in the soil oxygen fraction ((A)-Expt. 1 and (B)-Expt. 2 concerning the
time after the treatments were imposed. Three pots were randomly selected from
each treatment to monitor the soil oxygen fraction continuously.
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Table 5.2

Summary of the analysis of variance across waterlogging (W) treatments during each separate experiment on different
growth, developmental, and physiological traits measured 15 days after the initial waterlogging treatment. Plant height
(PH), number of leaves (LN), leaf area (LA), leaf dry weight (LDW), stem dry weight (StDW), root dry weight (RDW),
whole-plant dry weight (TDW), root to shoot ratio (RS), total root length (TRL), root surface area (RSA), root volume
(RV), root tips (RT), root fork (RF), chlorophyll content (CHL), flavonoids index (FI), anthocyanins index (ANTHI),
and nitrogen balance index (NBI).
Source

PH

LN

LA

LDW

StDW

RDW

TDW

RS

TRL

RSA

RV

RT

RF

CHL

FI

ANTHI

NBI

Experiment
1

Waterlogging (W)

***

***

***

***

***

***

***

NS

***

***

***

***

***

***

NS

***

***

0

0

25.17a

6a

1685.96a

5.5a

3.63a

1.29a

10.41a

0.14

6166.07a

969.22a

12.15a

23073.86a

72940.29a

39.57a

1.2

0.08c

33.27a

0

2

23.07b

5.57ab

1155.44b

3.23b

1.92b

0.7b

5.85b

0.14

4653.96b

648.9b

7.28b

18280.71b

43980.71b

39.06a

1.19

0.08c

30.25ab

0

4

21.09c

5.29bc

861.76c

2.26c

1.52c

0.5c

4.28c

0.13

4233.95b

528.6c

5.53c

15616.86b

29493.29c

33.92b

1.42

0.09c

25.86bc

0

6

19.86cd

4.86cde

633.24d

1.61d

0.97d

0.35d

2.93d

0.13

2979.22c

401.76d

4.32d

11737.14c

19746.29d

32.47b

1.28

0.09c

21.57dc

0

8

19.57de

5cd

622.75ed

1.6d

0.98d

0.39cd

2.97d

0.15

2772.19cd

398.51d

4.57cd

10604.14cd

18963.14d

30.18cb

1.4

0.09c

20.64dc

0

10

18.21ef

4.57de

460.89f

1.23e

0.85d

0.29d

2.37d

0.14

2062.44e

308.41e

3.7d

8981cde

13079.29e

29.64cb

1.41

0.12b

19.65d

0

12

16.83fg

4.43e

512.86f

1.3ed

0.8d

0.34d

2.44d

0.16

2320.99de

345.17de

4.11d

8467.14de

15047de

23.22d

1.48

0.16a

18d

0

14

16.71g

4e

522.96ef

1.38ed

0.92d

0.33d

2.63d

0.14

1949.52e

311.15e

4.02d

6479e

12686.43e

25.87cd

1.35

0.13ab

21.2cd

Experiment
2

Waterlogging(W)

***

***

***

***

***

***

***

NS

***

***

***

***

***

***

NS

**

**

0

0

26.29a

7a

1973.65a

9.29a

6.09a

2.92a

18.29a

0.19

6880.03a

1592.63a

29.9a

22490.57a

97822.57a

33.11bc

1.03

0.11bc

32.9a

0

2

23.64b

6.86a

1652.53b

7.38b

3.76b

2.21b

13.35b

0.2

5762.15b

1281.06b

23.21b

16187.29bc

78707.43b

34.61b

1.04

0.11ab

34.03a

0

4

21.29cd

6.57a

875.05c

3.8c

2.61c

1.2cde

7.61c

0.19

6652.06a

1005.45cd

10.48d

21151.71a

67667.71c

29.16cd

0.93

0.12a

31.7ab

0

6

22.14c

6.43ba

890.43c

2.86d

3.12cb

1.31c

7.28c

0.22

5453.88bc

1037.44c

14.72c

16847.29b

65497.29c

38.89a

1.12

0.1c

34.72a

0

8

20ef

6.43ba

716.55d

2.84d

3.06cb

0.88e

6.77c

0.15

4840.98cd

782.54ef

10.13d

17549b

43266.29d

34.02b

1.04

0.1bc

32.61ab

0

10

20.64de

5.86cb

869.18cd

3.82c

2.64c

1.29cd

7.75c

0.2

4224.39de

881.33de

14.75c

12854d

45405.71d

35.27ab

1.15

0.11bc

31.98ab

0

12

20.93de

5.71c

826.59cd

3.33cd

2.79c

0.98de

7.1c

0.16

3712.01e

686.16f

10.26d

13311.43cd

35949.14d

28.73d

1.07

0.12a

26.79c

0

14

20.5de

5d

799.21cd

3.29cd

2.28c

0.96e

6.53c

0.18

2209.62f

446.25g

9.23d

8748.43e

19211e

29.34cd

1.06

0.12a

27.06c

Different lower-case letters within the columns denote a statistically significant difference between treatments according to the
Fisher’s LSD test
***, **, and NS indicates significance at p < 0.001, p < 0.05, and p < 0.05, respectively.
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Root Morphology
Root systems are directly impacted when waterlogging occurs, as they are the first to
suffer from oxygen deprivation (Sauter, 2013; Maurel and Nacry, 2020). As soil oxygen levels
begin to deplete, plants can signal the decline and slow their metabolism as a rescue mechanism
to reduce the plant’s demand for oxygen (Geigenberger, 2003). When oxygen levels further
decline and become more hypoxic, the respiration in the root system begins to switch from
aerobic to anaerobic fermentation to maintain an energy supply as oxygen supplies diminish
(Drew, 1997). Unfortunately, anaerobic fermentation produces less energy than aerobic
respiration, and toxic byproducts accumulate within plant cells. These toxins become harmful, as
they contribute to the injury and death of root cells and root decay (Drew, 1997; Drew et al.,
1994).
Root Growth
Total root length (TRL), root surface area (RSA), and root volume (RV) represent the
vastness of soil the root system can reach and the total surface in which water and nutrient
uptake can occur (Hammer et al., 2009). A plant’s productivity is directly related to its root
system’s ability to explore the soil and forage for moisture and nutrients (root length) and its
morphological capacity to uptake the available water and nutrients (root surface area).
In Exp. 1, just two days of waterlogging resulted in a 24.5% reduction in the total root
length (Figure 5.3A). Overall, the total root length quadratically declined as waterlogging
treatments increased from 0 to 14 days. The steepest decline occurred as waterlogging increased
from 0 to 8 days, and no differences in TRL occurred between the 10, 12, and 14 days treatments
(Table 5.2). The response of TRL to waterlogging treatments differed in Exp. 2; a convex
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quadratic function best described the relationship to waterlogging duration, with the most
significant decline in TRL occurring as the treatments increased from 6 to 14 days.
The RSA per plant decreased quadratically in Exp. 1 as treatments were prolonged from
0 to 6 days (Figure 5.3B). The final root surface area was reduced by 33%, 58.5%, and 67.9%
because of 2, 6, and 14 days of waterlogging, respectively, compared to the 0 days treatment. No
differences occurred due to the 6 to 14 days treatment; thus, linear decay functions best described
the overall relationship between RSA and waterlogging duration (Table 5.2). In Exp. 2, the root
surface area declined linearly as waterlogging time was increased from 0 to 14 days at a rate of
4.4% day−1. The highest RSA, of 1592, was observed under the 0 days treatment, and the lowest,
of 446, was observed under the 14 days treatment, a total decline of 72%.
The RV in Exp. 1 followed trends similar to those observed for RSA. The RV declined
from its highest value of 12.15 under the 0 days treatment to 4.32 under the 6 days treatment, a
decrease of 64% (Figure 5.3C). No differences were observed in the mean RV between the 6 and
14 days treatments (Table 5.2); therefore, the exponential decay functions best described the
overall relationship. In Exp. 2, RV declined linearly as the treatment increased from 0 to 4 days
at a rate of 16.25% day−1. The mean RV did not significantly differ among the 4 to 14 days
treatments. An exponential decay function also best described the overall relationship between
RV and waterlogging in Exp. 2.
Our results agree with Ren et al. (2016), who reported a decrease in the corn root
absorption area after six days of waterlogging and expand upon their results to suggest that the
severity of the decline in the root absorption area depends on the duration of waterlogging.
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Figure 5.3

Waterlogging effects on corn root growth measured 15 days after waterlogging
treatment initiation. (A) Mean root length shows a quadratic and convex quadratic
decay in Exp. 1 and Exp 2, respectively. (B) Mean root surface area offers
exponential and linear decay in Exp. 1 and Exp. 2, respectively. (C) Mean root
volume shows an exponential decline in both experiments. The values are the
mean of six replications for each treatment
Root Development

Root tips are critical components for nutrient and water uptake; the uptake occurs more
predominantly near the tips due to a higher expression of nutrient transporters and water
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channels than in other parts of the root structure (Dinneny, 2019). Therefore, root tips are also
particularly susceptible to hypoxic conditions. If anaerobic conditions remain too long, cell death
in the root tips can occur due to cytoplasmic acidosis caused by the lactic acid synthesis of
anaerobic respiration. This can result in permanent damage to the plant. However, if hypoxic
conditions gradually precede anoxia, corn root tips have been shown to survive continuous
anoxia for up to 4 days (Drew et al., 1994).
In Exp. 1, 23,073 RT plant−1 were produced under the 0 days treatment. In contrast,
18,280, 10,604, and 6479 RT plant−1 were produced because of the 2, 8, and 14 days treatment, a
decline of 20.8, 54, and 71.9% compared to the plant’s potential under the 0 days treatment—a
concave quadratic trend best exemplified this declining trend (Figure 5.4A). In Exp. 2, RT
plant−1 declined convex quadratically from a mean of 22,490 under the 0 days treatment to a
mean of 8748 under the 14 days treatment. The impact of waterlogging on corn root tip numbers
is not well documented. Still, declining trends like our observations of root tips have been
reported in other crops such as wheat due to waterlogging (Waters et al., 1991).
Root forks are a good indicator of root branching and the complexity of the plant’s root
system architecture. Root branching provides a means to increase the expanse of the soil that is
reached and explored; additionally, branching can exponentially increase the number of root tips
and the active absorptive surface area compared to root elongation alone (Dinneny, 2019). In
Exp. 1, an exponential decay function best described the relationship between waterlogging
duration and RF (Figure 5.4B). Just two days of waterlogging resulted in a 40% reduction in root
forks, but the number of RF under the 10, 12, and 14 days treatments did not differ (Table 5.2).
Our observations align with previous reports of waterlogging significantly affecting a plant’s
root system architecture (Maurel and Nacry, 2020).
129

Although plants are immediately hindered as root conductivity and metabolism decline
under waterlogging conditions, reduced root growth and development can impact the plant
through the entire growing season by restricting the water and nutrient uptake capacity (Maurel
and Nacry, 2020). In addition, Waterlogging often results in nitrogen (N) loss through excessive
soil runoff and denitrification as soils become reduced under low oxygen environments (Kaur et
al, 2020). Thus, corn plants with a weak root system face exacerbated issues obtaining adequate
nitrogen as plants begin recovering post waterlogging and available nutrients are depleted. Such
deficiencies could ultimately lead to further yield loss.

130

Exp 1, Y = 22671.25 - 2111.22x + 71.60x2; R2 = 0.99
Exp. 2, Y = 20681.58 - 264.12x - 38.43x2; R2 = 0.79

[A]

Exp.1, Y = 12542.05 + 60397.58e(-0.33x ); R2 = 0.99
Exp. 2, Y = 92236.29 - 5077.91x; R2 = 0.96

[B]

30

-1

Root tips (no. plant *1000)

40

20

10

-1
Root forks (no. plant *1000)

0
125
100
75
50
25
0
0

2

4

6

8

10

12

14

16

Days of waterlogging

Figure 5.4

Waterlogging effects on root developmental parameters measured 15 days after
waterlogging treatment. (A) Mean root tips show quadratic and convex quadratic
decay in Exp. 1 and Exp. 2, respectively. (B) Mean root forks show an exponential
and linear decay in Exp.1 and Exp. 2, respectively. The values are the mean of six
replications for each treatment.

Leaf Pigments
A plant’s chlorophyll and polyphenol content are good indicators of a plant’s leaf N
status; thus, these parameters can be used to interpret a plant’s ability to uptake nutrients through
its root system. Chlorophyll (CHL) is the primary pigment responsible for leaf greenness, and
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close relationships have been established between leaf greenness and nitrogen (N) status.
However, CHL estimation is not a perfect measure of N status, as leaf greenness can be affected
by deficiencies of other nutrients such as sulfur, magnesium, and iron (Tremblay et al., 2011).
In Exp. 1, CHL declined linearly as the duration of waterlogging treatments was
prolonged, decreasing from 39.57, observed under the 0 days treatment, to 25.87, under the 14
days treatment; at a rate of 2.85% day−1, waterlogging treatments were extended (Figure 5.5A).
In Exp. 2, no significant relationship was found between the increasing duration of waterlogging
and CHL; however, CHL was lower under the 12- and 14 days treatments.
Anthocyanins (ANTH) are a good indicator that a plant is under stress. They serve as
antioxidants to clean up free radicals which are generated because of plant stress. In a review
from (Chalker-Scott, 1999), anthocyanin production is suggested to be induced by environmental
factors, including water stress. This production may be a protective mechanism for the plant to
resist the harmful effects of such stress. In Exp. 1, ANTH did not differ within treatments
ranging from 0 to 6 days (Table 5.2). However, a quadratic function best described the overall
relationship between ANTH and the increasing duration of waterlogging, with the most
significant increases occurring at higher treatment levels (Figure 5.5B). In Exp. 2, ANTH was
only elevated due to the 12- and 14-days treatments. To our knowledge, no relationships between
anthocyanin levels in corn and waterlogging have been established. However, previous research
reports increased the levels of anthocyanins in some trees under waterlogged and flooded
conditions resulting from the drought-like stress occurring due to a depressed root function
(Chalker-Scott, 1999).
The nitrogen balance index (NBI) estimates N status as a ratio of chlorophyll to
polyphenolics. Research has shown that this ratio improves the indices’ relationship to crop N
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status compared to chlorophyll estimation alone (Tremblay et al., 2011). For Exp 1, the NBI
declined as treatments were prolonged from 0 to 6 days but ceased to decline significantly for
treatments greater than 6 days (Table 5.2). Overall, the relationship between waterlogging
duration and NBI best fits a quadratic function (Figure 5.5C). In Exp 2, NBI was only
significantly lower under the 12- and 14-days treatments. In both studies, plants were treated
with Hoagland’s nutrient solution, which always provided a readily available N source in the soil
solution. Thus, declining leaf N could indicate an overall depressed root conductance. For a
deficiency to become observable, the N uptake must be reduced to a greater relative extent than
plant growth and demand.
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Figure 5.5

Waterlogging effect on corn physiological characteristics measured 15 days after
waterlogging treatment. (A) Mean leaf chlorophyll (µg cm−2) showed a linear
relationship for both experiments. (B) Mean anthocyanin values (unitless) index
showing a quadratic and linear relationship for Exp. 1 and Exp. 2, respectively. (C)
The mean nitrogen balance index (unitless) shows a quadratic and convex
quadratic decay for Exp. 1 and Exp. 2, respectively. The values are the mean of six
replications for each treatment.

Shoot Morphology
Vigorous shoot growth and leaf development during the early vegetative stages of corn
are crucial to establishing a crop’s photosynthetic capacity and competitiveness against pests and
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weeds. These are both critical foundations of yield potential and stress tolerance throughout the
growing season.
In Exp. 1, plant height (PH) was reduced 4% day−1 of waterlogging as the duration
increased from 0 to 4 days. Overall, plant height declined linearly from 25.17, observed at the 0
days treatment, to 16.71, observed under the 14d treatment, a total decline of 33.5% (Figure
5.6A). In Exp. 2, plant height declined 4.75% day−1 of waterlogging as the duration increased
from 0 to 4 days; however, plant height under the 8, 10, 12, and 14 days treatments did not differ
(Table 2). An exponential decay functions best described the relationship between waterlogging
and PH. The mean plant height in this experiment was 26.29 when 0 days of waterlogging
occurred and 20.5 when 14 days of waterlogging happened. Bragina et al. (2003) reported that
plant height declined 7, 11, and 23% when corn was flooded for 1, 2, and 3 days, respectively, at
the V2 stage. Other studies have also reported a reduced plant height due to waterlogging in the
field (Kaur et al., 2017).
In Exp. 1, the leaf area per plant (LA) declined quadratically due to waterlogging
increasing from 0 to 6 days; LA continued to decrease as treatments were prolonged past 6 days
but at a much lower magnitude. A 31.5% decline in leaf area was observed due to just 2 days of
waterlogging. The final leaf area was 1685.96 and 522.76 plant−1 for the 0 and 14 days
treatments, respectively, a decline of 68.9%. Overall, exponential decay functions best describe
the relationship between waterlogging and LA. In Exp. 2, the 2 days treatment reduced the leaf
area by 16.3%, and the 4 days treatment reduced it by 55.5%. As the treatments were prolonged
beyond 4 days, the final leaf area did not significantly decline further. The final leaf area was
1973.65 and 799.21 plant−1 for the 0 and 14 days treatment, respectively, constituting a total
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decline of 59.5%. Similar to Exp. 1, an exponential decay function best described the
relationship between waterlogging and LA.
The number of leaves per plant (LN) was significantly affected by the increasing duration
of waterlogging. The LN in Exp. 1 declined linearly from a mean of 6 leaves plant−1 to 4 leaves
per plant as waterlogging treatments increased from 0 to 14 days, respectively. Exp. 2 displayed
a similar linear trend, with LN declining from 7 to 5 under the 0 and 14 days treatment,
respectively (Figure 5.6B). In this study, LN was measured as the number of leaves with a
developed leaf collar. This measurement differs from the leaf initiation rate, a characteristic
primarily controlled by temperature. Thus, waterlogging decreased the number of leaves with a
developed collar, but we cannot determine how waterlogging affects the leaf initiation rate. To
our knowledge, no previous reports outline the impacts of waterlogging on the leaf development
or initiation rate.
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Figure 5.6

Waterlogging effect on corn shoot morphological parameters measured 15 days
after waterlogging treatment. (A) Mean plant height shows linear and exponential
decay for Exp. 1 and Exp. 2, respectively, (B) the mean leaf number shows a linear
decline for both experiments. (C) Mean whole-plant leaf area showing the
exponential decay for both experiments. The values are the mean of six
replications for each treatment.
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Biomass Accumulation and Partitioning
A plant’s dry weight accumulation offers insight into its ability to convert sunlight into
biomass. Additionally, we can determine how a plant prioritizes partitioning resources to
different plant parts by measuring the dry weight accumulation of leaves, stems, and roots
individually. The effects of increasing the duration of waterlogging on dry weight production and
allocation followed a similar pattern during both experiments. Although leaf, stem, and root dry
weight were all individually reduced by the treatments in both experiments, the root to shoot
ratio and ratio of dry weight allocation to each part did not change due to the treatments. As
waterlogging treatments increased in duration, the decline in the total plant dry weight was
proportional to the decline observed for each individual component. However, contrary to our
results, other studies have reported a decrease in the root to shoot ratio under 6d of waterlogging
(Ren et al., 2016).
In Exp. 1, the total dry weight per plant (TDW) declined from 10.41 g plant−1 produced
for 0 days treatment to 2.93 g plant−1 under 6 days treatment, a decline of 72% (Figure 5.7), and
TDW was reduced by 43.8% due to just two days of waterlogging. Increasing the duration of
waterlogging beyond 6 days did not incite further declines in biomass (Table 5.2).
In Exp. 2, TDW plant−1 declined as the treatment duration was prolonged from 0 to 4
days (Figure 5.7), and TDW plant−1 was reduced 27% due to just two days of waterlogging. No
differences were observed in TDW under the 4 to14 days treatments.
In both experiments, exponential decay functions best described the relationship between
TDW and waterlogging duration. Other studies have also shown a decrease in plant biomass due
to waterlogging stress. When corn was grown in pots and flooded for 14 and 21 days, the
biomass accumulation was reduced by more than 50% (Kaur et al., 2019). Lizaso and Ritchie
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(1997) also reported a decreased biomass when corn was grown in pots and waterlogged for 6
days. Lizaso et al. (2001) reported reduced biomass due to 4 and 8 days of waterlogging due to a
reduced leaf area expansion and photosynthesis. In their experiment, doubling the duration of
waterlogging from 4 to 8 days only decreased biomass by an additional 10%, suggesting a
leveling-off response like that observed in this study. In contrast to our results, Wang et al.
(2012) found no differences in shoot biomass when corn seedlings were waterlogged for six days
at the V2 growth stage.
Previous studies indicate that decreases in dry weight accumulation are likely due to
multiple reactions from plants under stress, including reduced carbohydrate production and
increased carbohydrate consumption. First, as root hydraulic conductivity declines, an increase in
stomatal resistance quickly follows, limiting the uptake of water and nutrients. An internal water
deficit can arise, which negatively affects photosynthesis at the leaf level. Further declines in
photosynthesis can ensue as the leaf area is reduced, leaf senescence increases, and leaf
chlorophyll declines. Second, as hypoxia is induced, plants transition their metabolism from
aerobic respiration to fermentative metabolic routes. These are less efficient means of energy
production. Glycolysis can increase as a compensatory reaction to fill this energy void, further
depleting the carbohydrate reserves.
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Figure 5.7

Waterlogging effect on dry weight accumulation measured 15 days after
waterlogging treatment. Mean total dry weight shows the exponential decay for
both experiments. The values are the mean of six replications for each treatment.

Water Stress Response Index (WSRI)
Waterlogging stress response indices were created for each measured parameter to
illustrate the impact of waterlogging duration as a fraction of a plant’s potential under the 0 days
treatment by normalizing the data as the relative response of each parameter to each treatment
level as a fraction of the plant’s potential under the 0 days treatment.
In Exp. 1, LN and PH displayed the smallest relative decline. They were the only two
morphological parameters in this experiment to hold a negative linear relationship with the
increasing duration of waterlogging (Figure 5.8). Above the soil surface, TDW accumulation
was the most inhibited parameter. An exponential decay functions best describes the relationship
between DW accumulation and treatment duration at the end of the experimental period. The
sharpest relative declines occurred due to increasing the waterlogging time from 0 to 6 days. The
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relative decrease of LA, although not as severe, was closely correlated (R2 = 0.99) to that of DW.
Below the soil surface, RV also declined in correlation with DW (R2 = 0.99). Like the relative
response of LA, the decline was ultimately not as severe as it was for DW. Moreover, RSA
declined in close correlation with DW (R2 = 0.99) and RV (R2 = 0.97); however, the relative rate
of decline of RSA was less severe than that of RV. Ultimately, these two morphological traits
declined to similar relative fractions under the 14 days treatment. The relative decrease in RF
was also identical to that of DW. However, RF displayed the most significant relative decline
under the 14 days treatment among all measured parameters. RT and TRL were closely
correlated and showed the least relative reduction among all root parameters. Both RT and TRL
declined following similar quadratic trends as the duration of waterlogging increased, with the
most significant decline occurring as waterlogging increased from 0 to 6 days.
In Exp. 2, LN displayed the least relative decline as waterlogging treatments increased in
duration (Figure 5.8). The response of PH followed closely behind, and the relative decline of
these two parameters converged on the 12 days of treatment. Above the soil surface, DW and LA
were closely correlated (R2 = 0.99) and declined following similar exponential decay trends.
Below the soil surface, DW and RV were also closely correlated (R2 = 0.99) and exhibited
identical exponential decay trends. The relative response of RT and TRL were closely related
(R2 = 0.99) and followed identical quadratic trends, with relative decline worsening as
waterlogging treatments increased in duration. Finally, RSA and RF both declined following
similar linear trends. Under the 14 days treatment, RF displayed the most significant relative
decline among all parameters in this second experiment.
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Waterlogging stress response indices for all shoot and root morphological
parameters. (LN—number of leaves, PH—plant height, LA—Leaf area, DW—
plant dry weight components, RT—root tips, TRL—total root length, RAS—root
surface area, RV—root volume, and RF—root forks)

The values are derived by indexing each treatment’s mean to the mean of the 0 days
(control) treatment. The curves represent fitted lines using linear, quadratic, and 3-parameter
exponential decay functions. The constants for the regression functions are provided in Table
5.3.
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Table 5.3

Regression parameters and coefficients of waterlogging stress response indices for
all shoot and root morphological parameters of corn as affected by waterlogging
duration.
y0

a

b

R2

LN 1

0.9664

−0.0186

--

0.9218

PH 1

0.9616

−0.0235

--

0.9539

LA 3

0.2774

0.7262

0.2963

0.9918

TDW 3

0.2354

0.7625

0.405

0.9953

RT 3

0.9826

−0.0915

0.0031

0.9893

TRL 3

0.9829

−0.1008

0.0039

0.9782

RSA 3

0.3189

0.6759

0.3003

0.9901

RV 3

0.3266

0.6724

0.4407

0.9936

RF 3

0.1719

0.828

0.3253

0.9964

LN 1

1.0239

−0.0194

--

0.897

PH 3

0.7796

0.2223

0.3549

0.929

LA 3

0.3804

0.6532

0.341

0.9121

TDW 3

0.3641

0.6532

0.4073

0.9583

TRL 2

0.9632

−0.0107

−0.0024

0.9411

RT 2

0.9196

−0.0117

−0.0017

0.7928

RSA 1

0.9095

−0.0435

--

0.9063

RF 1

0.9429

−0.0519

--

0.959

RV 3

0.3267

0.6894

0.3289

0.8511

Exp. 1

Exp. 2

1

Linear equation. 2 Quadratic equation. 3 Exponential decay function.
[Y = y + ax for linear; Y = y0 + a ∗ x + b ∗ x2 for quadratic, and Y = y0 + a ∗ exp(−b ∗ x) for a 3-parameter
exponential decay function, where Y is the plant parameter (LN—number of leaves, PH—plant height, LA—leaf
area, TDW—whole plant dry weight, RT—root tips, RF—root fork, TRL—total root length, RV—root surface area,
RV—root volume, and RF—root forks) and x the duration of waterlogging in days]
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Conclusions
This study examined the impact of increasing durations of waterlogging from 0 to 14
days on corn’s early season growth and development. As waterlogging treatments were
prolonged, the soil oxygen fraction began to rapidly decline until ultimately reaching zero around
10 and 8 days in Experiments 1 and 2, respectively. In both experiments, corn growth and
development parameters were significantly impaired by waterlogging when measured 15 days
after the treatments were imposed. Just two days of waterlogging reduced all parameters in
comparison to the 0 days of waterlogging control. Linear, quadratic, and exponential decay
functions were fit to describe the relationships between waterlogging duration and corn growth
and development. Overall, plant height and leaf number were the least affected parameters under
waterlogging stress. The dry weight biomass accumulation declined following an exponential
decay function in both experiments as waterlogging duration was prolonged. After 14 days of
waterlogging, root fork development appeared to be the most sensitive parameter to
waterlogging. The relationships exhibited in this study will help exemplify the detrimental
effects of waterlogging and for application in plant process and crop growth models and
simulators.
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CHAPTER VI
DEVELOPING FUNCTIONAL RELATIONSHIPS OF CORN GROWTH AND
DEVELOPMENTAL RESPONSES TO NITROGEN
NUTRITION FOR MODELING
Abstract
Nitrogen, one of the essential mineral elements present in plants, is involved in many
biochemical processes and ultimately closely relates to agronomic yield. Our ability to monitor
nitrogen concentrations in plants, whether through direct tissue sampling or remote sensing, has
rapidly evolved as technology has advanced. However, functional relationships between
morphological and physiological processes are not widely published and are needed to advance
precision and predictive agricultural technologies further. Therefore, an experiment was
conducted to determine the relationships between tissue nitrogen concentration and corn
morphological and physiological characteristics. Plants were grown in pots under optimal
conditions but with varying nitrogen supplies. Plant growth, developmental, and physiological
properties were monitored weekly. Shoot nitrogen content differed among treatments and
declined over time for all treatment levels. Photosynthesis declined as nitrogen content
decreased, but these decreases were largely non-stomatal limiting. Reductions in nitrogen
content were further exemplified by declining chlorophyll and nitrogen balance index values and
increasing flavonoids and anthocyanins. Stem elongation and leaf expansion were highly
sensitive to declining nitrogen content. Below the soil surface, root growth and development
149

rates held a quadratic relationship with nitrogen content. They were less sensitive at low nitrogen
stress levels than plant growth above the soil surface. The functional relationships produced from
this study could be helpful to to update crop simulation models and for application in emerging
precision agriculture technologies.
Introduction
Global agricultural production is critically limited by adverse abiotic factors (National
Academies of Sciences and Medicine, 2019). Nitrogen availability and uptake are essential to
support crop growth, development, and agronomic yield (Glass, 2003). Accounting for
approximately 1-5% of total plant dry weight, nitrogen is the most abundant mineral element
within plant tissues and is involved in many complex biochemical processes (Muratore et al.,
2021). However, many environmental and management factors influence the availability of this
crucial nutrient throughout the crop growing season. The availability of nitrogen throughout the
entire life cycle of a crop plays a significant role in determining agronomic yield. For example,
Ciampitti and Vyn (2012) demonstrate that corn grain yield is closely related to total plant
nitrogen uptake measured at physiological maturity.
Most agronomic management strategies for non-legume crops include the application of
synthetic or organic nitrogen, and nitrogen inputs on US farms doubled from 1961 to 2000
(Howarth et al., 2002). In 2018, approximately 36 million hectares of farmland were planted with
corn in the United States. An average of 162.5 kg ha–1 of nitrogen was applied in 97% of
surveyed fields planted with corn in the US, representing 5.4 billion kg of nitrogen (Sumner et
al., 2021). Unfortunately, nitrogen fertilizer applied more than the uptake capacity is subject to
lose and can adversely affect the environment through runoff and leaching. Such losses also
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detrimentally impact the economic stability through high input costs and poor returns on
investment (Reddy et al., 2013).
Although nitrogen inputs increased following the introduction of synthetic fertilizers,
nitrogen use efficiency, or the amount of grain produced per unit of nitrogen applied to the soil,
has not increased at the same rate (Lassaletta et al., 2014). A recent global study estimated that
plants do not directly recover more than half of the supplemental nitrogen applied to soil (Omara
et al., 2019). The application of excess fertilizer that fails to be utilized by plants may lead to
adverse physiological, environmental, and economic impacts. Advanced fertilizer application
methods and nutrient management strategies are being introduced at the nexus of remote sensing,
precision agriculture, and plant physiology to increase nitrogen use efficiency, economic returns
on investment, and realized yields. Although it is possible to remotely sense nitrogen levels in
plant tissue (Zhao et al., 2003; Raper et al., 2013; Sumner et al., 2021), knowledge gaps still need
to be filled to best determine optimal nitrogen application rates and timing based on real-time
plant nitrogen status paired with future estimates of nitrogen demand. Predictive capability and
plant growth modeling will be crucial additions to current precision agriculture technology to
support management decisions relating to precise and efficient nitrogen applications.
Extensive research has determined the importance of nitrogen on plant growth and
development. Previous studies have established that plants primarily use nitrogen to produce and
maintain leaves for photosynthetic carbon fixation into functional biological molecules
(Broadley et al., 2000). An extensive review by Radin and Mauney (1986) described many plant
responses to nitrogen deficit. They suggest that lower nitrogen content results in lower
photosynthetic rates, slower leaf expansion, and an altered response (largely stomatal) to water
stress. Nitrogen deficiency reduces root hydraulic conductivity and the water potential of
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expanding leaves. As a result, nitrogen-deficient leaves cannot maintain the adequate turgor
needed for growth, thereby restricting mesophyll and epidermal cells (Radin and Boyer, 1982).
Other studies suggest that the restricted growth of plants under nitrogen deficiency is primarily
due to restricted leaf expansion rather than lower rates of photosynthesis (Ciompi et al., 1996).
However, few studies have systematically quantified the relationships between plant nitrogen
content and plant growth, development, and physiology.
Plant root access to nitrogen varies temporally and spatially due to soil heterogeneity and
dynamic microbial conversions occurring in soil, which are affected by agronomic practices and
environmental conditions (Muratore et al., 2021). Thus, root morphology is a critical determinate
for the uptake of immobile and mobile nutrients in the soil (Peng et al., 2010). Some studies
highlight the essential role of root structures in nitrogen acquisition, although few have
quantified the relationship between plant nitrogen content and root morphology. Effective
nutrient acquisition depends on the size of the root system and the structural deployment and
distribution of roots throughout the soil profile. This root architecture is a primary determining
factor of the capacity of plants to uptake essential nutrients and moisture from the soil to sustain
plant growth (Li et al., 2006). Robinson (2021) suggests that root length per unit of soil volume
determines a plant’s ability to uptake nitrate from the soil. In addition, strong relationships have
been observed between the amount of root biomass and soil moisture depletion (Craine et al.,
2003). Therefore, quantifying the relationship between plant nitrogen content and root
morphology during early vegetative growth stages will help unravel how nitrogen status could
affect a plant’s future ability to uptake nutrients and moisture during critical growth stages
occurring later in the growing season.
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The objectives of this study were to: (1) quantify the effects of different nitrogen supplies
on the nitrogen content, growth, development, and physiological characteristics of corn during
early growth stages, and (2) quantify the functional relationships held between plant nitrogen
content and growth, development, and physiological characteristics.

Materials and Methods
Experimental Facilities
This study was conducted at the Mississippi Agricultural and Forestry Experiment
Station’s Environmental Plant Physiology Laboratory, Mississippi State University, MS, USA
(33°28’N, 88°47’W). Experiments were conducted using Soil-Plant-Atmosphere-Research
(SPAR) units.
These facilities allow plants to grow under natural solar radiation levels while controlling
environmental conditions, including temperature, CO2 concentration, soil moisture, and nutrient
levels. Each SPAR unit contains a soil bin, a 1.27-cm Plexiglas canopy that allows 97% of
photosynthetically active radiation to pass, a heating and cooling unit, and an environmental
monitoring and control system. Details of SPAR unit operation and control have been described
previously (Reddy et al., 2001). For this study, the soil bin within each SPAR unit housed 30.5cm height  15.2-cm width polyvinyl chloride (PVC) pots. These pots contained a drain hole and
one inch of pea gravel on the bottom of the pot to aid drainage. The remainder of each pot was
filled with pure, fine sand. Each pot was connected to a drip irrigation system to supply nutrient
solutions.
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Plant Materials
Seeds of corn hybrid Agrigold A6659 (Agrigold Inc., St. Francisville, IL, USA) were
sown into 30 pots per SPAR unit. Four seeds were sown in each pot and subsequently thinned to
one plant per pot after seedling emergence. Environmental conditions for each SPAR unit were
set to 30/22°C (day/night), 70% relative humidity, and 420 ppm CO2 to create optimal growing
conditions for seedling emergence. Pots were initially watered three times per day for 60 seconds
per irrigation event with full-strength Hoagland’s nutrient solution (Hewitt, 1953) to ensure
adequate nutrient and moisture levels for rapid seedling emergence.
Treatments
Upon emergence, five treatments were imposed to create different nitrogen (N) contents
within the corn plants. These treatments were imposed by altering standard Hoagland’s nutrient
solution (macronutrients consisting of 0.7094 Ca(NO3)2, 0.2817 KNO3, 0.2742 MgSO4, and
0.058 KH2PO4 g L-1 and micronutrients consisting of 0.0305 EDTA, 0.0098 NaCl, 0.0033 MnCl2,
0.0031 H3BO3, 0.0004 CuSO4, 0.0005 ZnSO4, and 0.0002 (NH4)6MO7O24 g L-1) to contain
different N concentrations by substituting CaCl2 for Ca(NO3)2, thus reducing the quantity of
nitrate. All nutrients other than nitrogen were maintained at the same relative concentrations as
the control (full-strength) nutrient solution. The five treatments included: full-strength
Hoagland’s nutrient solution (control, 100% N), and four reformulations containing 60%, 20%,
10%, and 0% of the nitrogen in the control solution. The five treatments were assigned randomly
to five different SPAR units. The nutrient solution for each treatment was mixed using five
separate irrigation tanks with an agitator at the bottom to ensure that each mixture stayed in the
solution. Each solution was equally applied to an assigned experimental unit (pot) for 60 seconds
three times per day throughout the experimental period. Similar experimental designs and
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methods were used to study the effects of nitrogen on corn reflective properties and
photosynthesis (Zhao et al., 2003), castor growth and development (Reddy and Matcha, 2010),
and sorghum hyperspectral reflectance (Zhao et al., 2005).
Measurements
Measurements were destructively collected on six plants per treatment every seven days
post-emergence (5 days after sowing, DAS) for a total of four measurement events, hereafter
termed harvest date.
Physiological Parameters
The leaf chlorophyll content (CHL, μg/cm2), flavonoids (FLAV, unitless), anthocyanins
(ANTH, unitless), and nitrogen balance index (NBI, unitless) were measured on the uppermost
leaf with a developed collar using a hand-held Dualex leaf-clip sensor (DX16641, ForceA
Scientific Instruments, Paris, France).
Net photosynthesis (Pn), stomatal conductance (Cond), transpiration (Trmmol), and the
internal-to-external CO2 concentration ratio (Ci/Ca) were also measured on the uppermost leaf
with a developed collar for each plant. These measurements were recorded between 10:00 and
12:00 hours on the day of each harvest using a Li-6400XT portable photosynthesis system (LICOR Inc., Lincoln, Nebraska, USA). The LED light source was set to 1500

mol m–2, the

temperature inside the leaf chamber was 30°C, relative humidity was adjusted to ambient levels,
and leaf chamber CO2 was maintained at 420 µL L–1.
Shoot Growth and Development
Plant height (PH, cm plant–1) was manually measured using a standard metric ruler as the
distance from the soil surface to the uppermost leaf collar. Next, leaf number (LN, no. plant–1)
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was counted as the total number of leaves with collars. Plants were cut at the soil surface to
separate the shoot from the root system. Then, leaves were separated from the stem at the leaf
collar and measured for leaf area (LA, cm2 plant–1) using an LI-3100 leaf area meter (LI-COR
Inc.). All leaves actively developing above the uppermost collared leaf were cut at the location of
the uppermost collar.
Root Growth and Development
Root systems and soil media were gently removed from the PVC pots and washed with a
gentle stream of water over a wire mesh sieve to wash the sand and gravel away until the roots
were clean. Next, individual root systems were floated in a 400  300 cm acrylic tray filled with
5 mm of water, and roots were carefully untangled using plastic forceps to minimize overlap and
ensure quality imagery. The trays were placed on an Epson Expression 11000XL scanner (Epson
America, Inc., Long Beach, CA, USA), and digital images were acquired at a resolution of 800
dpi. These images were analyzed using WinRHIZO Pro 2009C software (Regent Instruments,
Inc., Québec, Canada). This analysis provided a quantified estimate of root growth and
development parameters: root tips (RT, no. plant–1), root forks (RF, no. plant–1), total root length
(TRL, cm plant–1), root surface area (RSA, cm2 plant–1), and root volume (RV, cm3 plant–1).
Dry Matter Accumulation
Finally, the separated leaves, stems, and roots were individually bagged and oven-dried
on-site at 80°C for three days to ensure a constant weight was reached. These samples were
quickly weighed for leaf dry weight (LDW, g plant–1), stem dry weight (StDW, g plant–1), and
root dry weight (RDW, g plant–1). Total dry weight (TDW, g plant–1) was calculated as the sum
of all three components per plant.
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Leaf and stem dry matter material were combined for each plant, and tissue nitrogen
content was measured in three dried ground samples using methods described previously (Nelson
and Sommers, 1973). Nitrogen content was expressed as g kg–1 shoot dry weight.
At the fourth harvest, nitrogen concentration was also measured for the leaves, stems, and
roots separately to compare the relationship between shoot nitrogen content and the nitrogen
content of the individual components.
Statistical Analysis
The experiment was designed as a split-plot, with nitrogen treatments considered the
main plot and harvest timing considered the subplot. Each treatment consisted of 30 pots, and six
pots were randomly selected for destructive measurement at each harvest. Shoot N content and
all parameters were analyzed for treatment effects, harvest timing, and interaction using PROC
ANOVA and Fisher’s LSD tests at P = 0.05 (SAS v. 9.4, SAS Institute, Cary, NC, USA).
Graphing and regression analyses were conducted using SigmaPlot v. 13 (SysStat Software Inc.,
San Jose, CA).
Growth rates for each parameter were calculated depending on their growth pattern over
time. Absolute growth rates were calculated for all parameters displaying linear growth over
time.
𝑊𝑝1 − 𝑊𝑝2
(6.1)
𝑡2 − 𝑡1
where AGRp is the absolute growth rate of parameter p, Wp1 is the mean value of parameter p at
𝐴𝐺𝑅𝑝 =

t1, Wp2 is the mean value of parameter p at t2, and t1 and t2 are the days of harvest after
treatments were imposed.
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Relative growth rates were calculated for all parameters displaying exponential growth
over time. The mean relative growth rate was determined as described by Fisher (1921):
𝑙𝑜𝑔𝑒 𝑊2 − 𝑙𝑜𝑔𝑒 𝑊1
(6.2)
𝑡2 − 𝑡1
where RGRp is the relative growth rate of parameter p, W1 and W2 are the measured values of
𝑅𝐺𝑅𝑝 =

parameter p at times t1 and t2, and t1 and t2 are the time W1 and W2 were observed.
For parameters exhibiting a non-linear relationship between growth rates and shoot N
content, optimal N content was estimated as the vertex of the function. This vertex represents the
N content where the parameter is occurring at its maximum, and any further increases in N are
estimated to yield no additional increase.
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Results
Plant Nitrogen Content
Plants were grown from 5 to 33 days after sowing (DAS) supplemented with nutrient
solutions containing different nitrogen (N) concentrations. These solutions resulted in different N
contents of the shoot or above-ground plant parts. Shoot N content significantly differed
depending on the treatment and harvest timing (Table 6.1). Treatment effects were observed
quickly and were evident after just seven days of treatment. As the experimental period
progressed, shoot N content declined under all treatments (Figure 6.1). The average shoot N
content was 39.2, 32.5, 24.0, 20.2, and 11.9 g kg-1 for the 100, 60, 20, 10, and 0% N treatments,
respectively.
Table 6.1

Summary of analysis of variance across the harvest date (H), temperature
treatment (T), and their interaction (H × T) on different root and shoot growth,
physiological, and developmental traits measured at weekly after emergence.

Source

PH

LN

LA

LDW

StDW

RDW

TDW

L%

S%

Harvest Date (H)

***

***

***

***

***

***

***

***

***

N Level (N)

***

***

***

***

***

*

***

***

***

HxN

***

***

***

***

***

NS

***

***

***

Source

R%

RS

TRL

RSA

RV

RT

RF

N%

Harvest Date (H)

***

***

***

***

***

***

***

***

N Level (N)

***

***

***

***

***

***

***

***

HxN

*

**

***

***

***

NS

***

***

*, **, *** represent Significance levels at P ≤ 0.05, P ≤ 0.01, and P ≤ 0.001. NS represents nonsignificant. Values are the mean of six replications for each harvest date at each of the
temperature treatments. Plant height (PH), leaf number (LN), leaf area (LA), leaf dry weight
(LDW), stem dry weight (StDW), root dry weight (RDW), root to shoot ratio (RS), total dry
weight (TDW), total root length (TRL), root surface area (RSA), root volume (RV), root tips
(RT), root forks (RF); and leaf (L%), stem (S%), and root (R%) dry weight as a fraction of total
dry weight. Shoot nitrogen content of leaf and stem dry matter (N%).
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Figure 6.1

Nitrogen content over time for each treatment. Shoot nitrogen concentration
differed among the treatments and declined over time for all treatment levels.

Plants harvested at 28 days after treatment (DAT) or 33 days after sowing (DAS) were
independently analyzed for N content in the leaves, stems, and roots individually. The resulting
N contents of the individual components were all linearly correlated to shoot N content. The
relationships to shoot nitrogen content were best exemplified by the following functions:
𝐿𝑒𝑎𝑓 𝑁% = 1.0343 ∗ (𝑆ℎ𝑜𝑜𝑡 𝑁%), 𝑅 2 = 0.98

(6.3)

𝑆𝑡𝑒𝑚 𝑁% = 0.97 ∗ (𝑆ℎ𝑜𝑜𝑡 𝑁%), 𝑅 2 = 0.99

(6.4)

𝑅𝑜𝑜𝑡 𝑁% = 0.5839 ∗ (𝑆ℎ𝑜𝑜𝑡 𝑁%), 𝑅 2 = 0.98

(6.5)
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Figure 6.2

Pictorial representation of corn shoot growth under five nitrogen treatments
harvested 14 days after treatment was imposed. From left to right, the 100%, 60%,
20%, 10%, and 0% N treatments. The whole plant corn leaf areas were 663, 401,
257, 166, and 87 cm2 plant-1 under control, 60, 20, 10, and 0% nitrogen treatments,
respectively. Similarly, other parameters varied among the nitrogen treatments.

Photosynthesis
The N treatment and harvest timings significantly leaf photosynthesis levels (Table 6.1).
As the treatment duration progressed, photosynthesis increased for the 100 and 60% N
treatments but declined for the 20, 10, and 0% N treatments. The photosynthesis rate increased
linearly as shoot N content increased (Figure 6.3). The highest photosynthesis rate (50.2) was
observed at 28 DAT under the 100% N treatment when plants contained an average shoot N
content of 29.1 g kg-1. Conversely, the lowest leaf photosynthesis rate (10.2) was observed at 28
DAT under the 0% N treatment when plants contained an average shoot N content of 9.7 g kg-1,
and 80% decline compared to that observed under the 100% N treatment at the same harvest
time.
Stomatal conductance was affected by the N treatment and duration, and the response
trend was similar to that of photosynthesis (Table 6.1). Generally, stomatal conductance
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increased quadratically as leaf N content increased. The highest and lowest stomatal conductance
were observed 28 DAT under the 100 and 0% N treatment.
The internal-to-external CO2 concentration ratio (Ci/Ca) was negatively correlated with
increasing leaf N content. Thus, despite low leaf photosynthesis rates corresponding with low
stomatal conductance under decreased N content, the internal CO2 concentration was highest
under reduced N content and declined as N content increased. Ciompi et al. (1996) reported
similar results; under N stress in leaves, reduced photosynthesis and increased stomatal
conductance were accompanied by increased intercellular CO2 concentration. Similarly, he
suggested that the reduction in photosynthesis was due to reduced mesophilic activity rather than
reduced stomatal activity.
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Figure 6.3

Functional relationships between corn shoot nitrogen content and (A)
photosynthesis, ( B) stomatal conductance, and (C) internal-to-external carbon
dioxide (CO2) concentration ratios (Ci/Ca) during the supplemental nitrogen
treatments. All values mean six replications at each harvest under each treatment.
Photosynthesis (A) and internal-to external carbon dioxide concentration ratios (C)
fit a linear function. Stomatal conductance (B) best fit to a quadratic function.
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Leaf Pigments
Changes over time of chlorophyll and the nitrogen balance index in the uppermost
collared leaf were similar to those observed for photosynthesis. Over time, an increase was
observed for the 100 and 60% N treatments, but values declined for the 20, 10, and 0% N
treatments. Overall, chlorophyll content was positively correlated to shoot N content (Figure
6.4). The relationship was the best fit by a quadratic equation with an estimated optimal N
content of 41.3 g kg-1. The highest chlorophyll content of 40.56 μg/cm2 was observed 28 DAT
under the 100% N treatment. The lowest chlorophyll content of 3.34 μg/cm2 was observed at 28
DAT under the 0% N treatment, a 92% decrease from that observed under the 100% N treatment.
The nitrogen balance index exhibited a similar positive relationship with shoot N content,
increasing quadratically as the shoot N content increased, with an estimated optimal shoot N
content of 40.8 g kg-1. The nitrogen balance index displayed maximum and minimum values at
the same treatment combinations observed for chlorophyll content.
Flavonoids and anthocyanins reached their highest levels under very low N contents, with
the highest values observed under the 0% N treatment at all four harvests. Flavonoids and
anthocyanins declined quadratically as the shoot N content increased. The trend for anthocyanins
was essentially the inverse of that observed for chlorophyll and the nitrogen balance index; the
highest anthocyanin value of 0.332 was observed at 28 DAT under the 0% N treatment, whereas
the lowest anthocyanin value of 0.094 was observed at 28 DAT under the 100% N treatment,
representing a total anthocyanin reduction of 73%.
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six replications at each harvest under each treatment. Chlorophyll (A), Nitrogen
Balance Index (B), Flavonoid Index (C), and Anthocyanin Index (D) were all fit to
a quadratic function.

Shoot Morphology
As plants grew from 5 to 33 DAS (0 to 28 DAT), plant height and the number of collared
leaves per plant increased linearly, but these increases were dependent upon treatment (Figure
6.5, Table 6.1). At the final harvest (28 DAT), the tallest plants were grown under the 100% N
treatment (Figure 6.5). Final plant height declined by 39.6, 60.5, 72.9, and 84.5% for plants
under the 60, 20, 10, and 0% N treatments, respectively. Plants grown under the 100 and 60% N
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treatments developed the highest number of leaves per plant, whereas plants subjected to the 0%
N treatment produced the lowest number of leaves per plant. Plant height and leaf number
increased linearly over time; thus, stem extension rate and leaf addition rate were best calculated
as the absolute growth rate of these two parameters. The relationship between stem extension
rate and shoot N content fit a concave quadratic function. As shoot N content declined from 39.2
to 32.4 g kg-1, stem extension rate declined 25%. On the other hand, the leaf addition rate best
formed a linear relationship with shoot N content.
Leaf area per plant increased exponentially as the experimental period progressed and
differed among the N treatments at each harvest (Table 6.1). Plants grown under the 100% N
treatment consistently achieved the greatest leaf area across all four harvests. Leaf area
expansion rate was calculated as the relative growth rate of leaf area per plant over time. Leaf
area expansion rate increased linearly as shoot N content increased. As shoot N content declined
from 39.2 to 32.4 g N kg–1, the relative leaf area expansion rate decreased 29.5%. The lowest leaf
area expansion rate of 0.0645 cm2 cm-2 was observed for plants grown under the supplemental
0% N treatment with an average shoot N content of 11.9 g N kg–1, representing a decline of 66%
compared to that of the control.
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Temporal trends in corn (A) plant height, (B) leaf number, and (C) leaf area during
the four supplemental nitrogen treatment harvests. Rates of (D) stem extension, (E)
leaf addition, and (F) leaf area expressed as a function of shoot nitrogen content.
All values are the mean ± standard error of six replications at each harvest under
each treatment. Stem elongation (D) was best fit to a quadratic function. Leaf
addition rate (E) and leaf area expansion rate (F) were best fit to linear functions.
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Root Morphology
All root growth and development parameters exhibited similar trends throughout the
experimental period and primarily showed exponential growth patterns. The lowest root growth
and development was observed at all four harvests in plants subjected to the 0% N treatment
(Figure 6.6). At the final harvest (28 DAT), total root length and root surface area did not differ
among the 100, 60, and 20% N treatments. However, root volume under the 100% N treatment
was significantly higher than all other N treatments at the final harvest. Root development
displayed similar trends. Plants grown under the 100 and 60% N treatments produced the
greatest number of root tips at the final harvest (Figure 6.7). Root fork development did not
differ among the 100, 60, and 20% N treatments at 28 DAT. Relative growth rates were
calculated for all root growth and development parameters, and all of these rates held a quadratic
relationship with shoot N content. As shoot N content declined, the decrease in relative growth
rates of all root parameters became more pronounced. Optimal shoot N content for maximal
relative growth of all root traits was estimated as the apex of the fitted quadratic function. These
computations yielded 36.9 g N kg–1 for total root length, 38 g N kg–1 for root surface area, 41.2 g
N kg–1 for root volume, 42.8 g N kg–1 for root tips, and 42.7 g N kg–1 for root forks.
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1

Temporal trends in corn root development as measured through (A) root tips and
(B) root forks during the four supplemental nitrogen treatment harvests. Relative
root developmental rates of (D) root tips and (E) root forks function of measured
shoot nitrogen contents. All values are the mean ± standard error of six replications
at each harvest under each treatment. Root tip and root fork addition rates were the
best fit for quadratic functions.

Dry Weight
The dry weight of leaves, stems, and roots followed exponential growth trends as the
experimental period progressed. Leaf and stem dry weight at all harvests was highest under the
100% N treatment and was lowest under the 0% N treatment (Figure 6.8). At the final harvest
(28 DAT), the highest root dry weight was produced under the 100% N treatment. At the 7 and
14 DAT harvests, a moderate reduction in the supplemental N content in the nutrient solutions
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stimulated dry weight accumulation in the roots, with the highest root dry weight observed at 7
and 14 DAT under the 60% N treatment. Relative growth rates for leaves, stems and roots were
fitted as a function of average shoot N content. Relative leaf dry weight accumulation positively
and linearly fit to shoot N content. Stem and root-relative dry weight accumulation best fit
convex quadratic functions in relation to shoot N content, with a greater rate of decline at low
shoot N contents. Moderate reduction of N in nutrient solution limited leaf dry weight more than
stem and root dry weight accumulation. For example, a decline in average shoot N content from
39.2 to 32.5 g N kg–1 resulted in a 25.3, 19.4, and 12.5% decline in relative leaf, stem, and root
dry weight accumulation, respectively. However, these trends differed as N became extremely
limited in solution. Plants grown under the 0% N solution with an average shoot N content of
11.9 g N kg–1 displayed a 68.8, 63.8, and 70.8% decline in relative dry weight accumulation in
leaf, stem, and root (Figure 6.8).
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Discussion
This study quantified corn physiology, growth, and development under a wide range of
shoot N levels for plants grown under optimum temperature, water, and nutrient levels other than
N. Also, this is the first study to provide functional algorithms for plant processes, including root
growth and development, that could improve the functionality of the corn models for field
applications. Shoot N content decreased over time for all N treatments, including the control
showing the interplay between corn growth and nutrient acquisition. Previous research suggests
this exemplifies the dynamic and ontogenetic characteristics of critical N concentration in plants.
The critical N concentration is defined as the minimum N concentration a plant requires to
produce maximal aerial biomass at a given developmental stage (Plénet and Lemaire, 1999). For
plants that uptake adequate N, the critical N concentration is expected to decline due to optimal
biomass production and N allocation to structural and storage materials containing lower N
concentrations than photosynthetic materials (Broadley et al., 2000). Plénet and Lemaire (1999)
also suggested that leaf self-shading can induce the nonuniform distribution of N within plants
and even within individual leaves.
Plants depend on internal N sources to maintain maximal growth when N availability in
soil is limited. Leaves in the higher canopy that receive higher solar radiation levels are expected
to contain higher N contents than leaves in the lower canopy, which are often shaded. Even
under limiting N supplies, plants can translocate N from older, lower canopy leaves to actively
growing meristematic regions in the higher canopy, where younger leaves develop, expand, and
receive higher solar radiation levels. This N translocation to the upper canopy can be technically
problematic for studies estimating plant N contents at the canopy level using remote sensing
technology (Raper et al., 2013). Our study established that photosynthesis, chlorophyll content,
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and the nitrogen balance index in the uppermost collared leaf correlated with shoot N content.
However, there were stronger correlations between photosynthesis and the chlorophyll content or
photosynthesis and nitrogen balance index (Figure 6.9). The chlorophyll content and nitrogen
balance index may better reflect the N status of the measured leaf instead of the entire shoot.
Thus, the results of this study support the proposal that leaf-level photosynthesis is closely
related to the local N content in the leaf and that leaf N content varies within a plant under both
adequate and limiting shoot N contents. Also, the decline in photosynthesis was more related to
non-stomatal limitation as Ci/Ca values were greater under N stress conditions as observed in
other studies (Reddy et al., 1997; Reddy and Match, 2010).
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Functional relationships between corn photosynthesis and measured chlorophyll
content or nitrogen balance index during the supplemental nitrogen treatment
period. All values are the mean ± standard error of six replications at each harvest
under each treatment.

Plant growth rate represents the ability of a plant to capture resources and convert those
resources into biomass (Peng et al., 2010). Ågren (1985) suggests a simple linear relationship
between plant nitrogen content and relative growth rate. Our results are consistent with this
hypothesis. As shoot N content declined below 39.2 g N kg–1, there was a linear decrease in the
relative growth rate (defined as biomass produced per unit biomass) (Figure 6.10). The
physiological component of relative growth rate is called the leaf assimilation rate, which is an
expression of the relative increase in biomass per unit of leaf area (Broadley et al., 2000). In our
study, a quadratic function best described the leaf assimilation rate with an estimated optimal N
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concentration of 31.7 g N kg–1. This value represents the total assimilates produced by
photosynthesis minus those lost to respiration per unit leaf area. These results indicate that the
increase in biomass per unit leaf area is less sensitive to nitrogen stress than the relative increase
in biomass per unit biomass.
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Functional relationships between corn shoot nitrogen contents and (A) whole-plant
relative growth rate and (B) whole-plant relative leaf growth during the
supplemental nitrogen treatment period. All values are the mean ± standard error
for all replications across all four harvests under each respective treatment.
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We believe that two major factors could cause this outcome. First, plants can mobilize
enough N to maximize photosynthesis in leaves under moderate N stress, intercepting the most
solar radiation. Second, plants are subject to the “functional equilibrium concept.” This concept,
initially proposed by Brouwer (1962), assumes that root growth is limited by the supply of
carbon from leaf photosynthesis and that leaf growth is determined by the supply of water and
nutrients from the root system. Kruse et al. (2010) also suggest that plants adjust their resource
allocation to optimize their architecture and resource allocation to address limiting factors and
maintain the highest possible growth rate. Thus, as nitrogen content moderately declines, plants
may prioritize carbon resources to the root system to increase the uptake capacity of the limiting
resource, nitrogen in this case. This altered allocation of carbon does not maximize the return on
investment in terms of carbon production if the carbon resource was invested in
photosynthetically active structures. Still, it does allow the plant to attempt to maintain
functional equilibrium and acquire the needed resources to sustain future optimal growth. In our
experiment, the observed increase in the root to shoot ratio as shoot N content declined further
supports this hypothesis. As shoot N concentration decreased, sufficient nitrogen was
unavailable for the plant to maximize the allocation of carbon resources to build photosynthetic
structures; thus, the plant allocated more carbon to the root system to acquire the needed
nitrogen.
In our study, plants allocated a greater portion of their biomass to the root system as N
content declined and became more limiting, likely to uptake more nitrogen, which reduced
biomass investment in photosynthetically active structures (Figure 6.11). Thus, plants maintained
biomass production per unit leaf area under limiting nitrogen but invested that biomass in
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structures that increased their ability to capture more nitrogen than structures that created more
biomass.
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Figure 6.11

Functional relationships between corn root and shoot ratios and measured shoot
nitrogen contents during the supplemental nitrogen treatment period. All values are
the mean ± standard error for all replications across all four harvests under each
respective treatment.

During the first two harvests, the largest root systems were produced by plants subjected
to the 60% N nutrient solution and thus were experiencing moderate N stress. However, as N
stress became too limiting and reduced the photosynthetic capacity of the plant canopy, carbon
also became a limiting factor for root growth, and a smaller overall root system was observed at
the third and fourth harvest despite an increased root to shoot ratio. Our results are further
supported by Peng et al. (2010), who reported that maize root growth is coordinated with shoot
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growth and shoot nutrient demands. Thus, plant root formation keeps pace with plant shoot
development and plant demands for nutrients and moisture.
Plants have multiple mechanisms to maximize nutrient acquisition, such as developing a
more extensive root system, altering the root architecture, or increasing the transmembrane
nutrient uptake rate. In our study, although plants allocated more biomass to the root system as
shoot N content declined, the proportion of different root structures per unit of root biomass
remained unchanged. All root morphological parameters were significantly and positively
correlated to root biomass across all experimental treatments and durations (Figure 6.12, Table
6.2), including total root length (R2 = 0.93), root surface area (R2 = 0.97), root volume (R2 =
0.99), root tips (R2 = 0.97), and root forks (R2 = 0.93). These results suggest that crop modeling
can be optimized by focusing on biomass allocation to estimate plant root systems’ status and
resource uptake potential under nitrogen stress. Similarly, breeding programs may be optimized
by selecting plants with the greatest root biomass and optimized root to shoot ratios to develop
plants with the greatest ability to explore the surrounding soil environment for resource-limiting
nutrients.
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Table 6.2

Regression parameters (a and b) and correlation coefficients (R2) of corn root
growth and developmental parameters as a function of root weight measured
during the early season.
Parameters

Regression coefficients

R2

a
847.87

b
3823.33

0.93

0.7135

9.1397

0.99

Root volume, cm3 plant-1

108.42

645.18

0.97

Root tips, no. plant-1
Root forks, no. plant-1

1504.16
-922.19

9944.53
34806.98

0.97
0.95

Root length, cm plant

-1

2

Root surface area, cm plant

-1
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Conclusion
Corn physiology growth and developmental traits, including major root traits, responded
with changes in shoot N levels. The decline in photosynthesis was primarily due to non-stomatal
limitation than the decline in stomal conductance with declining shoot N levels and Ci/Ca
negatively correlated with declining shoot N. Plants under stressed conditions downregulated
certain physiology, including gas exchange parameters and chlorophyll content and nitrogen
balance indices and upregulated protective mechanisms such as flavonoids and anthocyanins.
Thus, shoot-N deficiency decreased leaf area and photosynthesis of corn plants resulting in lower
biomass. Even though all plant components declined with declining shoot N, the root to shoot
ratio increased, allowing the plants to favor root growth, allowing partitioning more biomass to
root than shoot growth enabling the plants to explore more nutrients under a given niche
environment. The functional relationships between shoot N and growth and developmental
processes, including roots, might be helpful to derive N-dependent environmental productivity
indices as described by Reddy et al. (2008) to develop N-dependent models for N assessment and
management of castor bean plants that are typically encountered under the field.
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CHAPTER VII
SUMMARY AND CONCLUSIONS
Crops and climate are intimately connected. Crops undergo multiple abiotic stress
conditions through the growing season. Early-season growth and development play a foundation
for canopy development leading to total biomass production and yield. Inspire of previous work
on the abiotic stress effects on corn, quantitative relationships between plant processes, including
root systems, and abiotic stress factors such as temperature, drought, waterlogging, and tissue
nutrition are not adequately addressed. In this study, five- experiments were conducted to
understand corn early-season response to abiotic stresses and corn abiotic stress interactions.
Two in-vitro osmotic and temperature studies on seed germination and the other three studies
were conducted using sunlit controlled environment chambers and mini-hoop pot-culture
facilities to quantify corn responses to a wide range of waterlogging, temperature, and nitrogen
nutrition.
In study 1, an in vitro experiment was conducted to quantify the effects of temperatures
ranging from 10 °C to 42.5°C on germination properties of corn and compared with cotton and
soybean germination. Cumulative seed germination data was recorded over time and fitted to a
three-parameter sigmoidal function to calculate maximum seed germination and seed
germination rate. The interaction of temperature and species significantly influenced maximum
seed germination. The seed germination rate was further analyzed as a function of temperature
by fitting bilinear and quadratic functions to the data. Cardinal temperatures (minimum,
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optimum, and maximum) were estimated from these functions. Corn displayed the highest
optimal temperature of 34.6°C and the lowest minimum temperature required for germination.
Cotton showed higher minimum and maximum cardinal temperatures than both corn and
soybean. The cardinal temperatures and functional relationships between seed germination rate
and temperature determined in this experiment will be helpful to update crop simulation models
and assess the best planting dates for rapid, successful germination based on environmental
conditions.
In study 2, in vitro seed germination in response to osmotic stress was investigated
among nine corn hybrids polyethylene glycol to modify seed germination conditions. Seed
germination data were generated under different osmotic potentials ranging from 0 to −1.2MPa
at −0.3-MPa intervals and 25 °C. Maximum seed germination (MSG) and seed germination rate
(SGR) were estimated by fitting the data to a three-parameter sigmoid function. The minimum
osmotic potentials at which MSG and SGR rate reached zero (MSGbase and SGRbase) were
derived by first fitting linear and quadratic regression models as a function of osmotic potential
and then calculating intercepts. The MSGbase, SGRbase, SGRmax, and SGRslope were also
determined for each hybrid. Maximum seed germination and SGR decreased as osmotic potential
decreased, and hybrids varied for MSG, SGR, MSGbase, and SGRbase.
Corn hybrids were classified into tolerance groups using an estimated osmotic stress
response index developed by summing individual response indices of each parameter for each
hybrid. AgriGold A6659 and Terral REV 25BHR26 were identified as the most- and leasttolerant corn hybrids during germination. These parameters establish a new potential screening
tool to identify osmotic stress tolerance in corn germplasm.
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Temperature effects on corn's early season growth and development were investigated in
study 3. Corn (hybrid, Agrigold A6659) plants were subjected to five different day/night
temperature treatments of 20/12, 25/17, 30/22, 35/27, and 40/32 °C using sunlit controlled
environment growth chambers for four weeks post-emergence. These growth and developmental
traits increased were measured at weekly intervals. Cardinal temperatures (Tmin, Topt, and Tmax)
for different aspects of above- and below-ground growth and developmental processes were
estimated using a modified beta function model. Root growth displayed the lowest optimum
temperature, followed by root development, shoot growth, and then shoot development. Cardinal
temperature limits for dry weight production were 13.5 °C (Tmin), 30.5 °C (Topt), and 38 °C
(Tmax). Biomass resources were prioritized to the root system at low temperatures and leaves at
high temperatures. Stem biomass accumulation was highest under the 30/22 and 35/27 °C
treatments. The estimated temperature limits and functional algorithms could be helpful to
update crop models, including both above- and below-ground aspects of corn plant growth.
In study 4, two experiments were conducted using a pot-culture facility to understand soil
waterlogging impacts on corn growth and development. Two corn hybrids were grown in 2017
and 2018 under ambient sunlight and temperature conditions. Waterlogging durations of 0, 2, 4,
6, 8, 10, 12, and 14 days were imposed at the V2 growth stage. Morphological (growth and
development) and pigment estimation data were collected 15 days after treatment imposition 23
days after sowing. As waterlogging treatments were prolonged, the soil oxygen fraction rapidly
declined until ultimately reaching zero around 10 and 8 days in experiments 1 and 2,
respectively. In both experiments, corn growth and development parameters were significantly
impaired by waterlogging measured 15 days after the treatments were imposed. Soil
waterlogging significantly reduced all parameters after just two days of treatment. Linear,
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quadratic, and exponential decay functions were fit to describe the relationships between
waterlogging duration and corn growth and development. Overall, plant height and leaf number
were the least affected parameters to waterlogging stress. The dry weight biomass accumulation
declined following an exponential decay function in both experiments as waterlogging duration
was prolonged. After 14 days of waterlogging, root fork development appeared to be the most
sensitive parameter to waterlogging. The relationships exhibited in this study will help exemplify
the detrimental effects of waterlogging and for application in plant process and crop growth
models and simulators.
Finally, in study 5, functional relationships were developed between shoot nitrogen
content and multiple growth, development, and physiological parameters. Five different nutrient
solutions were provided to plants and successfully resulted in significant changes in shoot
nitrogen content. Photosynthesis declined as nitrogen content decreased, but these decreases
were largely non-stomatal limiting. Reductions in nitrogen content were further exemplified by
declining chlorophyll and nitrogen balance index values and increasing flavonoids and
anthocyanins. Stem elongation and leaf expansion were highly sensitive to declining nitrogen
content. Below the soil surface, root growth and development rates held a quadratic relationship
with nitrogen content. They were less sensitive at low nitrogen stress levels than plant growth
above the soil surface. The functional relationships produced from this study could be helpful to
update crop simulation models and for application in emerging precision agriculture
technologies.
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